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ABSTRACT 
Spatial navigation is a cognitive skill fundamental to successful interaction with 
our environment.  Normal aging is associated with weaknesses in this skill, with severe 
deficits in the context of Alzheimer's disease.  Identifying mechanisms underlying how 
the aged brain navigates is important to understanding these age-related weaknesses and 
potentially strengthening or preserving spatial navigation ability in the aging population.  
One understudied aspect of spatial navigation is self-motion perception.  Important to 
self-motion perception is optic flow, which is the pattern of visual motion experienced 
while moving through our environment.  Several brain regions are optic flow-sensitive 
(OF-sensitive), responding more strongly to optic flow than other types of visual motion.  
The goal of the experiments in this dissertation was to examine the role of visual motion 
perception and cortical motion area dynamics in spatial navigation in cognitively intact 
aged adults.  Visual path integration tasks were used because they highlight the use of 
radial and translational optic flow to keep track of one’s position and orientation, 
respectively.  In the first experiment, a positive relationship between radial optic flow 
sensitivity and visual path integration accuracy that was stronger in aged adults was 
	
	 viii 
found.  In the second experiment, brain activity was measured using functional magnetic 
resonance imaging (fMRI) while participants performed visual path integration (VPI) and 
turn counting (TC) tasks.  Stronger activity in the OF-sensitive regions LMT+ and RpVIP 
during VPI, not TC, was associated with greater VPI accuracy in aged adults.  In the third 
experiment, the functional connectivity between OF-sensitive regions and the rest of the 
brain during the VPI and TC tasks was measured using fMRI.  Stronger average 
functional connectivity between the OF-sensitive regions LMT+, RMT+, LpVIP, RpVIP, 
LpV6 and right supramarginal gyrus and posterior cingulate during VPI, not TC, was 
associated with greater VPI task accuracy in aged adults.  The results demonstrate novel 
relationships between visual path integration accuracy and radial motion perception, the 
response of OF-sensitive cortical regions during visual navigation, and the interaction 
strength between OF-sensitive regions and parietal cortex during visual navigation in 
aged adults.  This work expands our knowledge of mechanisms underlying spatial 
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CHAPTER ONE: INTRODUCTION 
Spatial Navigation is a Complex Skill 
Spatial navigation is a complex, multisensory, cognitive skill critical to successful 
interaction with our environment, the ability to live independently, and our quality of life.  
Fundamentally, navigating space, or traveling from one place to another, requires 
understanding and updating our location within our environment as we move through it.  
A number of sensory and environmental cues, component processes, and types of spatial 
knowledge or spatial representations might be employed to navigate to a desired location; 
the specific cues, processes, and representations used depend on the context as well as the 
individual who is navigating (Chrastil, 2013; Marchette et al., 2011; Wolbers and 
Hegarty, 2010).  Variability in one or more of these factors likely contributes to the 
significant variability in spatial navigation ability that exists between individuals 
(Wolbers and Hegarty, 2010).  Research focusing on specific cues, component processes, 
and/or representations has been helpful in developing our understanding of the ways 
individuals navigate space and the neural mechanisms that support the complex skill that 
is spatial navigation. 
Aging is Associated with Weakened Spatial Navigation Abilities 
Understanding the different ways individuals navigate space and how the brain 
supports these strategies and approaches is important to understanding why navigation 
becomes challenging for certain populations and under certain circumstances.  Normal 
aging is associated with weakened spatial navigation abilities, with severe deficits in the 
context of age-related disease, particularly Alzheimer's disease (AD), that negatively 
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impact the safety of these individuals and their ability to live independently (Cushman et 
al., 2008; Gazova et al., 2012; Klencklen et al., 2012; Moffat, 2009; Monacelli et al., 
2003).  Compared to young adults, healthy aged adults tend to learn locations and new 
environments more slowly (Iaria et al., 2009; Moffat and Resnick, 2002), take longer and 
make more errors while navigating to locations within an environment (Head and Isom, 
2010; Iaria et al., 2009; Moffat and Resnick, 2002), learn new routes less accurately 
(Head and Isom, 2010), and are less accurate in their estimations of traveled paths (Allen 
et al., 2004; Mahmood et al., 2009; Stangl et al., 2018a).  Furthermore, these age-
associated weaknesses in spatial navigation measured in experimental contexts are 
corroborated by real-world difficulties in navigation and avoidance of navigating under 
certain conditions reported by the aged population (Bryden et al., 2013; Burns, 1999; 
Molnar et al., 2013; Vrkljan and Polgar, 2007).  Some work has been done to try to 
understand the root of these weaknesses and difficulties and how they might be 
associated with the way the aged brain supports spatial navigation.  Understanding the 
factors associated with and mechanisms underlying age-related weaknesses in various 
aspects of spatial navigation ability is important to potentially strengthening and 
preserving this ability with age and minimizing its decline in the context of age-related 
disease.  Both of these possibilities would contribute to the goal of maintaining 
independence and well being amongst aged adults. 
Age-Related Differences in Spatial Reference Frames and Representations 
As discussed, various sensory and environmental cues, component processes, and 
spatial representations contribute to our ability to navigate space.  The concept of spatial 
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representations, or spatial reference frames, has been dominant in the literature on age-
related weaknesses in spatial navigation.  Traditionally, this framework distinguishes 
between two types of representation or reference frame: egocentric and allocentric.  In an 
egocentric reference frame or representation, the location of objects and landmarks are 
coded with reference to one’s current position and orientation.  We experience our 
environment through the egocentric reference frame and our mental representations of 
space can be grounded in this reference frame.  For example, “I turn left at the café to 
reach my apartment” and “My apartment is behind me and to my left” are both 
statements made in the egocentric reference frame because they specify actions and 
locations with respect to one’s body or current location.  On the other hand, in an 
allocentric reference frame or representation, the location of objects and landmarks are 
coded with reference to one another, or independently of one’s current position and 
orientation.  Allocentric representations are often described as map-like, or “bird’s-eye 
view”, representations and are sometimes referred to as cognitive maps (Tolman, 1948; 
O’Keefe and Nadel, 1979).  For example, “The café is southwest of my apartment” is a 
statement made in the allocentric reference frame because it specifies a spatial 
relationship independent of one’s body or current location and orientation.  Forming 
allocentric representations requires the transformation of one’s egocentric experience of 
an environment into a viewpoint-independent cognitive map of the environment.  
Allocentric representations are considered to be more flexible than egocentric 
representations, and better navigators tend to develop these representations of space more 
easily and/or spontaneously (Arnold et al., 2013; Hegarty et al., 2002; Ishikawa and 
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Montello, 2006; Marchette et al., 2011; Weisberg and Newcombe, 2018; Wen et al., 
2013).  Perhaps it is no surprise then that aging is associated with difficulty in using the 
allocentric reference frame, forming cognitive maps of one’s environment, and switching 
from an egocentric frame to an allocentric frame during navigation (Gazova et al., 2013; 
Harris et al., 2012; Harris and Wolbers, 2014; Iaria et al., 2009; Moffat and Resnick, 
2002).  Difficulty in using the allocentric frame of reference in the context of relative 
preservation of the egocentric frame could explain aged individuals’ greater reliance on 
the egocentric frame compared to young adults (Rodgers et al., 2012; see Colombo et al., 
2017 for review).  Thus, although there is growing appreciation of the fluidity between 
these reference frames (Boccia et al., 2014; Ekstrom et al., 2014, 2017), the distinction 
between them has nevertheless contributed to our understanding of mechanisms 
underlying age-related spatial navigation weaknesses as well as differences in spatial 
navigation ability between individuals in general. 
What Have We Learned about Spatial Reference Frames, Representations, and 
Aging from Brain Imaging? 
Brain imaging, particularly magnetic resonance imaging (MRI), has been 
instrumental in examining the neural structures and mechanisms underlying allocentric 
and egocentric spatial processing in humans.  Studies in young adults have supported 
close associations between the hippocampus and the tendency of an individual to use or 
rely on an allocentric frame of reference (Bohbot et al., 2007; Hartley et al., 2003; Iaria et 
al., 2003; Maguire et al., 1998; Marchette et al., 2011).  Brain activity in the hippocampus 
has been associated with the formation and use of allocentric representations (Iaria et al., 
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2007; Wolbers and Buchel, 2005), more accurate/efficient navigation between locations 
(Hartley et al., 2003; Maguire et al., 1998), and more accurate monitoring of one’s 
position and orientation over the course of short paths (i.e. path integration) (Wolbers et 
al., 2007).  Some of these studies have also associated the retrosplenial cortex with 
allocentric processing, with brain activity in this region being associated with the 
formation and use of allocentric representations (Iaria et al., 2003) as well as the amount 
of allocentric knowledge of a given environment (Wolbers and Buchel, 2005).  On the 
other hand, the parietal lobe and caudate nucleus have been associated with egocentric 
processing and representations (Bohbot et al., 2007; Chadwick et al., 2015; Hartley et al., 
2003; Iaria et al., 2003; Marchette et al., 2011; Maguire et al., 1998; Schindler and 
Bartels, 2013; Vallar et al., 1999).  Regions in the medial and lateral parietal lobe have 
been associated with egocentric representations of space, egocentric coding of specific 
goal locations, and self-motion through one’s environment (Chadwick et al., 2015; Jong 
et al., 1994; Kovacs et al., 2007; Maguire et al., 1998; Schindler and Bartels, 2013; Vallar 
et al., 1999).  The caudate nucleus has been associated with route following (Hartley et 
al., 2003).  Specifically, in spatial learning tasks the caudate nucleus has been associated 
with the tendency to use response-learning strategies.  Someone who used a response-
learning strategy to learn the location of a goal would say, “Walking out of the grocery 
store, I turn left, walk until I see the café, then turn left to reach my apartment”.  This is a 
learned sequence of associations between landmarks and turns that does not incorporate 
an understanding of the relationship between the grocery store, the café, and the 
apartment independent of one’s perspective.  Response-learning strategies do not require 
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one to form allocentric representations and for this reason have been more closely 
associated with egocentric representations.  Response-learning strategies, associated with 
the caudate, lie in contrast to place-learning strategies, which rely more on allocentric 
representations and the hippocampus (Bohbot et al., 2007; Iaria et al., 2003, 2007).  
Taken together, these studies have allowed us to draw connections between brain 
structure, activity, and spatial learning and navigation behavior in young adults. 
 Brain imaging has also been used as an approach to understand the way the aged 
brain supports spatial navigation tasks (see Li and King, 2019 for review).  The age-
related weaknesses in forming and using allocentric representations and the associations 
between allocentric representations and the hippocampus naturally led to a focus on 
allocentric spatial learning and the medial temporal lobe in these brain imaging studies in 
aged adults.  Focus on these elements was further bolstered by the decline in 
hippocampal volume and episodic memory documented in normal aging (Jack et al., 
2000; Nilsson, 2003; Raz et al., 2004).  To date, very few studies have used MRI to 
investigate spatial navigation weaknesses in normal aging with a small subset using 
functional MRI (fMRI) to do so.  Structural MRI studies have attempted to identify brain 
regions whose volume is associated with allocentric spatial task performance in aged 
adults.  These studies have largely found that aged adults with larger hippocampi perform 
better on tasks targeting allocentric spatial processing and/or are more likely to use an 
allocentric frame to perform spatial learning and memory tasks (Daugherty et al., 2014, 
2015; Head and Isom, 2010; Konishi and Bohbot, 2013; Konishi et al., 2017; Korthauer 
et al., 2016), though some found no relationship between performance and hippocampal 
	
	 7 
structure (Lovden et al., 2012; Moffat et al., 2006a).  One study found that aged adults 
who tended to use a place-learning strategy (i.e. allocentric framework) and performed 
better on spatial navigation tasks had better global cognition and larger hippocampal 
volume, drawing an additional connection between aging, navigation ability and strategy, 
cognition, and the hippocampus (Konishi et al., 2017).  These studies support that age-
related weaknesses in spatial navigation are associated with weaknesses in allocentric 
spatial processing and that hippocampal integrity is associated with these weaknesses. 
Similar to the structural MRI studies, the handful of fMRI studies on aging and 
spatial navigation have largely used tasks in which allocentric processing and spatial 
memory are central (Antonova et al., 2009; Konishi et al., 2013; Meulenbroek et al., 
2004; Moffat et al., 2006b; Schuck et al., 2015; Stangl et al., 2018b).  All of these studies 
assessed differences in brain activity between young and aged adults during these tasks.  
Three of these studies used spatial learning tasks in which brain activity was measured 
while participants learned the location of an object or objects within a virtual space (i.e. 
spatial encoding/spatial learning) (Antonova et al., 2009; Konishi et al., 2013; Moffat et 
al., 2006b).  Three studies measured brain activity while participants were tested on their 
memory for object locations (i.e. while they navigated to the remembered locations) 
(Antonova et al., 2009; Schuck et al., 2015; Stangl et al., 2018b).  One of the studies that 
measured brain activity while participants’ location memory was tested also measured 
activity while participants refined their encoding of object locations, incorporating 
elements of both spatial learning and spatial memory (Schuck et al., 2015).  Lastly, one 
study used a route learning and retrieval task in which brain activity was measured while 
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participants learned routes through a virtual maze and also when they were tested on their 
memory for each route (Meulenbroek et al., 2004).  Though there are differences in the 
tasks used in these studies and their measures of brain activity, all of these studies (1) 
required participants to form a mental representation of a set of locations in space or 
routes and (2) tested the accuracy of these representations after a delay.  Spatial memory 
(or sequence memory in the case of the route-learning task) was intentionally embedded 
in all of these studies, partially because at least one goal of all of these studies was to 
examine differences in activity in medial temporal lobe structures between young and 
aged adults.  As discussed, these goals were similarly motivated by the aging literature, 
the rodent literature, and the navigation literature in young adults, all of which show 
connections between allocentric spatial representations, episodic memory, aging, and the 
medial temporal lobe. 
The fMRI studies on aging and spatial navigation can be roughly divided into two 
groups: earlier studies and more recent studies.  The earlier studies (i.e. Antonova et al., 
2009; Meulenbroek et al., 2004; Moffat et al., 2006b) examined differences in the 
magnitude of brain activity across the whole brain between young and aged adults during 
route and spatial encoding and/or retrieval.  Meulenbroek and colleagues (2004) found 
weaker activity in the right supramarginal, fusiform, and parahippocampal gyri, which 
are associated with spatial processing and memory, in aged adults during route encoding.  
This was accompanied by less inhibited activity in the left superior temporal gyrus and 
anterior cingulate, which are associated with suppressing task-irrelevant information, in 
aged adults during route encoding.  Aged adults performed worse on the task, and the 
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authors attributed this to the aforementioned differences in brain activity during route 
encoding.  Moffat and colleagues (2006b) found significantly weaker brain activity in the 
hippocampus, retrosplenial cortex, precuneus, and lateral parietal lobe, among other 
regions, during spatial encoding in aged adults, who performed worse on subsequent 
spatial memory tests.  They also found stronger activity in the anterior cingulate and 
medial frontal gyrus in aged adults during spatial encoding.  Activity within different sets 
of brain regions was associated with better performance in the young and aged group, 
suggesting a shift in the systems supporting spatial encoding with aging.  The less 
accurate performance of the aged adults suggests that their system is less effective, 
however this cannot be concluded from this study because it is unclear whether the 
performance of the highest-performing aged adults was in the same range of that of the 
young adults.  Lastly, Antonova and colleagues (2009) similarly found that young adults 
showed hippocampal activity during spatial encoding whereas aged adults did not.  They 
also found that young adults had greater activity in right parietal and occipital areas 
relative to aged adults during spatial encoding whereas aged adults had greater activity in 
left parietal and occipital areas relative to young adults during spatial encoding.  Aged 
adults also showed greater activity in bilateral parietal and occipital regions during spatial 
retrieval.  Aged adults performed less accurately on this task, suggesting that the system 
supporting spatial encoding or retrieval in aged adults is less effective than the one in 
young adults.  The tasks used in all three of these studies emphasize learning and/or 
retrieval of locations or routes within virtual environments and found increased and 
decreased brain activity in aged adults relative to young adults during one or more of 
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these processes.  Broadly speaking, their results support weaker right parietal and medial 
temporal activity in aged adults during spatial encoding, which could be associated with 
weaker route and spatial memory in aged adults. 
In contrast to these earlier studies, the more recent fMRI studies (i.e. Konishi et 
al., 2013; Schuck et al., 2015; Stangl et al., 2018b) used more sophisticated approaches 
and analyses in an attempt to study the mechanisms underlying differences in spatial 
navigation ability between young and aged adults in greater detail.  Konishi and 
colleagues (2013) used a spatial learning task in which each participant’s use of one of 
two learning strategies could be identified – a place-learning strategy and a response-
learning strategy.  As discussed, place learning has been associated with the hippocampus 
and allocentric representations whereas response learning has been associated with the 
caudate nucleus and egocentric/non-allocentric representations.  Aged adults showed 
weaker hippocampal activity at the onset of learning and stronger caudate activity upon 
reaching learning criteria compared to young adults, independent of strategy.  This 
suggests a general shift in the neural systems supporting spatial tasks in aged adults 
towards the caudate and away from the hippocampus, which has also been supported by a 
structural MRI study (Moffat et al., 2006a).  When aged adults were separated according 
to whether they used a spatial or a response strategy, their brain activity reflected this.  
Aged adults using a spatial strategy showed hippocampal activity at the onset of spatial 
learning whereas aged adults using a response strategy showed caudate activity upon 
reaching learning criteria.  This suggests that the connection between the hippocampus 
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and use of the allocentric frame holds in aged adults, despite age-related differences in 
hippocampal and caudate activity strength during spatial tasks. 
Schuck and colleagues (2015) used a model-based approach to identify brain 
regions in which activity was associated with sensitivity to spatial boundaries or 
landmarks during spatial learning and retrieval.  They found that young adults were more 
sensitive to spatial boundaries during spatial learning.  During spatial learning, activity in 
the right parahippocampal gyrus/posterior hippocampus associated with sensitivity to 
boundaries and was greater in young adults compared to aged adults.  In contrast, they 
found that aged adults were more sensitive to landmarks during spatial learning and 
feedback.  Surprisingly, activity in the right posterior hippocampus associated with 
sensitivity to landmarks was greater in aged adults compared to young adults.  Aged 
adults who performed well on the task showed positive landmark-sensitive activity 
during spatial learning and retrieval in the right hippocampus and left striatum, whereas 
aged adults who performed poorly only showed landmark-sensitive activity in left 
striatum.  In this study, hippocampal activity was associated with more accurate spatial 
learning in young and aged adults, but appears to subserve sensitivity to different spatial 
cues in each group.  Similar to Konishi and colleagues (2013), this study suggests an age-
related shift in how neural systems support spatial learning. 
Lastly, Stangl and colleagues’ (2018b) study focused on grid cell-like 
representations in the entorhinal cortex during navigation to previously learned object 
locations.  Grid cells were originally discovered in the rat entorhinal cortex (Hafting et 
al., 2005) and evidence supports their existence in human entorhinal cortex (Jacobs et al., 
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2013).  They fire at periodic intervals while an individual moves through space, which 
creates a triangular grid structure of firing fields.  They are thought to be involved in path 
integration (McNaughton et al., 2006) and important to hippocampal-dependent place 
learning (Moser et al., 2015).  Brain activity patterns that resemble features of grid cell 
firing patterns measured using electrophysiology have been measured in entorhinal cortex 
in humans using fMRI (Doeller et al., 2010; Kunz et al., 2015).  Using this fMRI 
approach, Stangl and colleagues (2018b) found weaker grid cell-like representations in 
the entorhinal cortex in aged adults while they navigated to previously learned object 
locations.  The equally accurate performance of young and aged adults on this task 
suggests that aged adults are capable of compensating for instability in the grid cell 
system though another mechanism.  In the same paper, the authors showed that the 
strength of grid cell-like activity patterns in entorhinal cortex during spatial retrieval was 
associated with accuracy on a real-world path integration test performed using only body 
senses (i.e. vestibular and proprioceptive senses).  This suggests that a breakdown in the 
stability of the grid cell system in aged adults is associated with less accurate 
instantaneous interpretation of their position and orientation in space, despite their similar 
performance to young adults on the spatial retrieval task.  This relationship was also 
found in young adults with the least stable grid cell systems (as measured by this 
particular brain activity pattern).  Grid cell stability was not associated with path 
integration accuracy in young adults with medium or strong grid cell representations, 
however the variance in path integration performance within this group suggests that a 
different neural system is associated with this variability.  These results suggest that there 
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is an age-related decline in grid cell stability and it is associated with the ability to keep 
track of one’s position and orientation in space in some contexts; aged adults are able to 
navigate to learned object locations despite this breakdown in the grid cell system likely 
as a result of compensation from another system. 
To summarize, these fMRI studies support age-related differences in the neural 
systems supporting spatial learning in aged and young adults with some less effective at 
supporting spatial learning tasks and others potentially equally as effective.  In terms of 
the medial temporal lobe, they support weaker hippocampal (Antonova et al., 2009; 
Konishi et al., 2013; Moffat et al., 2006b) and parahippocampal (Meulenbroek et al., 
2004) activity during spatial and route learning in some contexts, a shift in the 
environmental cues to which the hippocampus is sensitive in others (Schuck et al., 2015), 
and instability in the entorhinal grid system during navigation to remembered locations 
(Stangl et al., 2018b).  These studies are informative in providing a foundation for our 
understanding of differences in the neural systems supporting spatial and route learning 
and memory in aged adults and aspects of these systems associated with the strength of 
these abilities.  However, with the exception of Stangl and colleagues’ study, these 
studies do not examine or inform us in detail about the mechanisms associated with 
tracking one’s position and orientation while moving through space, which is 
fundamental to spatial navigation.  As discussed, the spatial navigation and aging 
literature provided a premise for this set of fMRI studies to focus on spatial learning, 
spatial memory, and the medial temporal lobe, and research in this area should be 
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continued.  However, this focus on spatial representations has left the other aspects of 
spatial navigation, such as sensory cues and component processes, relatively unexplored. 
What about Other Aspects of Spatial Navigation Ability and Aging? 
In a recent review, Lester and colleagues (2017) lay out a number of perceptual 
and cognitive processes that could be affected by aging that are components of the 
overarching skill that we call spatial navigation (Figure 1.1, Lester et al., 2017).  The 
structure of the schematic proposes that aging can alter a number of computations 
underlying general learning and memory processing (green box) and spatial information 
processing (blue box).  These effects lead to functional deficits in aspects of learning, 
memory, and spatial information processing that contribute to age-related weaknesses 
that have been measured in specific navigational processes (red box).  The processes 
generally associated with learning and memory have been studied extensively in aging 
(though largely in a realm separate from spatial navigation) (for some examples: 
Buckner, 2004; Craik, 1994; Dunlosky and Hertzog, 1998; Salthouse, 1994a; Salthouse, 
1994b; Salthouse et al., 1998; Salthouse and Miles, 2002).  On the other hand, the 
computations and functions associated with spatial information processing have been 
studied relatively less in the context of aging.  The computations and functions associated 
with spatial information processing noted in the schematic include: motion processing, 
vestibular processing, position coding, orientation coding, and self-motion perception.  
Some of these concepts have been studied with fMRI in a young population both in the 
context of spatial navigation (position and orientation coding, self-motion perception: 
Chadwick et al., 2015; Chrastil et al., 2015; Marchette et al., 2014; Sherrill et al., 2015) 
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and outside of it (motion processing, vestibular processing, and self-motion perception: 
Cardin et al., 2012; Cardin and Smith, 2009; Frank et al., 2014; Frank et al., 2016; 
Peuskens et al., 2001; Smith et al., 2011; Wall and Smith, 2008).  These concepts have 
not been explored in brain imaging studies on aging and spatial navigation, nor have they 
been explored in aging and spatial navigation studies in detail, despite the fact that 
several areas of research form a premise for their study in this context.  Many studies on 
aging and spatial navigation in humans, especially the fMRI studies reviewed above, 
have focused on age-related weaknesses in the navigational processes (red box) without 
directly assessing their relationship with specific functions or computations (green and 
blue boxes).  This has limited our understanding of the way the aged brain supports these 
processes and how these processes might be associated with spatial cognition and spatial 
navigation in the healthy aged population. 
Optic Flow, Visual Motion Perception, and Self-Motion Perception in Aging 
Though fMRI studies of spatial navigation and aging have not focused on self-
motion perception, research outside the realm of imaging has investigated the effect of 
aging on visual motion perception and visual self-motion perception.  When we move 
through our environment with our head and eyes facing forward, the environment creates 
a global pattern of outward, radial motion on our retina that is called optic flow (Warren, 
2004) (Figure 1.2, Tetewsky and Duffy, 1999).  Optic flow is an important visual 
component of self-motion perception and is sufficient for humans to perceive self-motion 
and their heading direction (Figure 1.3, Tetewsky and Duffy, 1999).  In other words, in 
the absence of other sensory cues, optic flow generates a percept that one is moving 
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through space (Pitzalis et al., 2013; Warren, 1976) that is sensitive enough to determine 
heading direction within 0.5 degrees (Warren and Hannon, 1988).  In addition to radial 
optic flow, translational optic flow patterns are informative about rotational self-motion, 
which is experienced during turns.  Optic flow has been shown to affect perception of 
traveled paths and facilitate environmental learning and navigation (Cutmore et al., 2000; 
Kearns et al., 2002; Kirschen et al., 2000; Tan et al., 2003, 2006; Tcheang et al., 2011), 
thus it is thought to play a role in spatial cognition.  Studies have shown an effect of 
normal aging on global motion perception, though the reported effects are varied (see 
Billino and Pilz, 2019).  Most studies have shown that aged adults are less sensitive to 
translational motion patterns than young adults (Atchley and Andersen, 1998; Billino et 
al., 2008; Snowden and Kavanagh, 2006; see Hutchinson et al., 2012 for review), while 
other studies have not found an effect of age on translational motion perception (Kavcic 
et al., 2011; Mapstone et al., 2003).  Two studies have reported no effect of age on radial 
motion perception (Atchley and Andersen, 1998; Billino et al., 2008).  However, other 
studies have shown that aged adults have a higher threshold in accurately perceiving 
heading direction when only visual information (i.e. radial optic flow) is available 
(Kavcic et al., 2011; Lich and Bremmer, 2014; Mapstone et al., 2003, 2008; Warren et 
al., 1989).  These studies raise the question of whether global motion perception might 
play a role in spatial navigation ability in aged adults.  Even if there is only a small 
measurable effect of age on global motion perception, it is possible that global motion 
perception plays a differential role in spatial navigation ability in young and aged adults. 
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Optic Flow, Visual Motion Perception, and Spatial Navigation in Alzheimer's 
Disease 
It has been hypothesized that visual motion perception may play a role in age-
related losses in heading sensitivity and weaknesses in spatial navigation ability, and 
recent reviews have specifically highlighted this (Coughlan et al., 2018; Lester et al., 
2017).  This topic has received attention likely because previous work has shown a 
relationship between radial motion perception and spatial navigation ability in individuals 
with AD that is quite striking and independent of memory, or more broadly cognitive 
function (Kavcic et al., 2006; Mapstone et al., 2003; O’Brien et al., 2001; Tetewsky and 
Duffy, 1999).  One study showed that radial motion thresholds, but not global cognition, 
were significantly correlated with performance on a real-world spatial navigation test in 
individuals with AD (Tetewsky and Duffy, 1999).  Another study showed that in healthy 
aged adults and individuals with AD, most of the variance in performance on a real-world 
spatial navigation test was explained by a combination of the difference between radial 
and translational motion thresholds, cortical response to the onset of radial motion 
measured with electroencephalography, and contrast sensitivity (Kavcic et al., 2006).  
Cognitive measures did not explain significant independent variance in navigation 
performance in this study.  Lastly, an fMRI study showed weaker responses to radial dot 
motion patterns compared to static dot patterns in individuals with AD compared to 
healthy aged adults (Thiyagesh et al., 2009).  These studies provide support for a 
significant role of visual motion perception in spatial navigation ability in AD that might 
also be present in healthy aged adults. 
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Combining these studies with others that more generally focus on spatial 
navigation in AD has led to the proposal that spatial navigation tests may be especially 
sensitive predictors of future cognitive decline due to AD (Coughlan et al., 2018).  The 
recognition that changes in the brain associated with AD begin up to 20 years before 
symptoms are evident led the field to place increasing emphasis on identifying 
individuals who will develop AD as early as possible (Sperling et al., 2011a, 2011b).  
This presents a challenge because the disease is clinically silent in the midst of these 
brain changes.  Given this shift in focus toward early detection of AD, spatial navigation 
as a marker that is potentially more sensitive to incipient AD than our current clinical 
tools is appealing.  The multifaceted nature of spatial navigation presents a number of 
potential tests and markers that could be highly sensitive to preclinical AD.  Greater 
study into the systems underlying a variety of spatial navigation abilities in both normal 
aging and AD is necessary to identify measures that best differentiate the process of 
normal aging from the disease process underlying the clinical syndrome we know as AD.  
This will allow us to explore the possibility of using spatial navigation measures as an 
early marker of AD to its fullest extent.  The evidence for a significant role of radial 
motion perception in spatial navigation ability in individuals with AD makes a strong 
case for studying this particular mechanism in detail in healthy aged adults (and 
continuing to study this in the context of AD). 
Several Cortical Regions are Sensitive to Optic Flow 
As discussed, fMRI has been used to study differences in the systems supporting 
spatial navigation tasks between young and aged adults.  Most of these studies have 
	
	 19 
focused on spatial learning and memory and have highlighted differences in medial 
temporal lobe activity in aged relative to young adults.  FMRI presents a valuable 
opportunity to study the intersection between visual motion perception and spatial 
navigation in aged adults due to the number of optic flow-sensitive (OF-sensitive) 
cortical regions in the human brain.  Outside the context of spatial navigation, fMRI 
studies have identified a number of cortical regions that respond strongly to coherent (i.e. 
global) motion patterns (Antal et al., 2008; Braddick et al., 2001; Cardin and Smith, 
2009; Morrone et al., 2000; Pitzalis et al., 2013; Wall and Smith, 2008).  These cortical 
regions are “higher” in the visual processing hierarchy than primary visual cortex (V1), 
which responds strongly to local motion.  The strong response of these cortical regions to 
optic flow – and in many cases, their preference for optic flow (i.e. global) over random 
(i.e. local) motion patterns – has implicated them in self-motion perception.  FMRI 
studies in humans have begun to investigate the role of these regions in self-motion 
perception in greater detail (Cardin et al., 2012; Cardin and Smith, 2009; Fischer et al., 
2011; Fischer et al., 2012; Furlan et al., 2013; Huang et al., 2015; Schindler and Bartels, 
2018a; Schindler and Bartels, 2018b; Wall and Smith, 2008). 
Two of these fMRI studies assessed the role of OF-sensitive regions in self-
motion perception by examining the response of several OF-sensitive regions to coherent 
motion compatible with self-motion versus coherent motion incompatible with self-
motion (Cardin and Smith, 2009; Wall and Smith, 2008).  The stimuli used in these 
studies consisted of white dots on a black background arranged in two different arrays of 
coherent motion patterns: egomotion-compatible and egomotion-incompatible.  In the 
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egomotion-compatible (or self-motion compatible) condition, dots moved in 
expanding/contracting patterns from a single, central focus of expansion.  This condition 
mimicked the optic flow patterns that would be experienced when moving on a “spiral” 
trajectory through space.  In the egomotion-incompatible condition, dots moved in the 
same patterns but were arranged in a 3x3 array in which there were nine separate foci of 
expansion (see Figure 1 in Wall and Smith, 2008).  This condition contained coherent (or 
global) motion patterns, but the nine foci of expansion made these stimuli incompatible 
with what one would experience during self-motion, in which a single focus of expansion 
is present (see Figures 1.2 and 1.3, right).  Thus, cortical areas sensitive to self-motion, or 
egomotion, could be identified by comparing activity strength in the egomotion-
compatible condition to the egomotion-incompatible condition.  Comparing these highly 
similar conditions (that both contained global coherent motion patterns) revealed a large 
number of cortical regions that responded more strongly to the egomotion-compatible 
stimuli: middle temporal complex (MT+), putative area V6 (pV6), parietoinsular 
vestibular cortex (PIVC), putative ventral intraparietal area (pVIP), putative area 2v 
(p2v), cingulate sulcus visual area (CSv), and a region in the precuneus (Pc) in the 
ascending ramus of the cingulate sulcus1.  Though some of these egomotion-sensitive 
regions have been shown to be sensitive to heading direction in human fMRI experiments 
(Cardin et al., 2012; Furlan et al., 2013; Peuskens et al., 2001), our understanding of the 
role that they play in spatial navigation is otherwise limited. 
																																																								
1 The names of these regions vary slightly throughout the literature; these particular 
names are those adopted by one research group.  Throughout this dissertation, we will 
refer to these regions using the names listed here, which are those used in Wall and Smith 
(2008) and Cardin and Smith (2009). 
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Optic Flow-Sensitive Brain Regions and Spatial Navigation 
The sensitivity of the discussed OF-sensitive regions to stimuli compatible with 
self-motion have led to ongoing investigations of their role in heading perception and 
spatial navigation.  Despite very little intentional study in this area to date, there are a few 
links between some of these areas and spatial navigation processes.  One link was found 
in an fMRI study examining the neural substrates of path integration, a process in which 
self-motion is monitored to keep track of one’s changes in position and orientation in 
space (Wolbers et al., 2007).  In this study, brain activity was measured in young adults 
while they performed a visual triangle completion test (a test commonly used to study 
path integration) in the MRI scanner.  The authors found an inverse relationship between 
activity strength in the vicinity of the visual motion area MT+ and performance on the 
visual triangle completion test; those with stronger MT+ activity during the test 
performed worse on the test.  These findings implied a link between activity strength in 
visual motion areas during spatial orienting tasks and performance that, to our 
knowledge, has not been systematically pursued.  A second link was found in a more 
recent study, also performed in young adults.  The study investigated the interactions 
between OF-sensitive regions and the rest of the brain during a goal-directed navigation 
task performed in first-person perspective (i.e. egocentric frame) and in survey 
perspective (i.e. from a birds-eye view, not an egocentric frame) (Sherrill et al., 2015).  
The authors defined the OF-sensitive regions MT+, V3A, and pV6 and examined their 
functional connectivity, or interaction, strength with the rest of the brain during each task 
condition.  They found significant functional connectivity between these OF-sensitive 
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regions and the hippocampus, retrosplenial cortex, and precuneus, among other regions, 
that was largely specific to performing the task in first-person perspective (i.e. an 
egocentric frame).  These results established a functional link between these visual self-
motion areas and regions known to be important to spatial navigation during goal-
directed navigation, supporting that visual self-motion information is shared with 
navigationally-relevant regions when finding one’s way to the location of a goal.  Most 
recently, we found a relationship between self-reported spatial navigation ability and 
task-related functional connectivity strength between CSv and right hippocampus and 
retrosplenial cortex during a visual path integration task in young adults (Zajac et al., 
2019).  Both the ability to define these OF-sensitive areas and humans’ ability to 
accurately perform path integration and spatial navigation tasks using visual information 
alone encourage greater research into these understudied sensory and perceptual aspects 
of spatial navigation in young and aged adults. 
What Components of Spatial Navigation Highlight Visual Motion Perception and 
the Use of Optic Flow? 
As discussed at the beginning of this chapter and evidenced by the schematic in 
Figure 1.1, spatial navigation is a skill composed of many different processes which rely 
on many different sensory cues and computations.  Our interest in visual motion 
perception led us to focus on path integration as a component process of spatial 
navigation in this study (Figure 1.1, red box, top right).  Path integration is the use of 
self-motion cues to keep track of one's location and orientation in space (Etienne and 
Jeffery, 2004; Loomis et al., 1999).  Though the detailed relationship between path 
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integration ability and humans’ ability to navigate within their environment is not 
precisely understood, path integration is thought to be associated with the construction of 
allocentric representations of environments (Arnold et al., 2013; Chrastil, 2013; Etienne 
and Jeffery, 2004; McNaughton et al., 2006).  In addition to potentially being involved in 
constructing mental representations of space, path integration is also thought to be 
fundamental to the active process of navigating within an environment because this 
requires individuals to track their position and orientation in space in real time.  Humans 
can use sensory information from multiple sources to both estimate self-motion and path 
integrate (Kearns et al., 2002; Klatzky et al., 1998; Loomis et al., 1993, 1999; Philbeck et 
al., 2001; Tcheang et al., 2011) and they may rely on different strategies and/or neural 
systems to do so (He and McNamara, 2018; Philbeck et al., 2004; Shrager et al., 2008; 
Wiener et al., 2011; Worsley et al., 2001).  Due to the complexity created by using 
multiple sensory sources, path integration tasks have frequently been designed to assess 
the contribution of different sources of self-motion information to this process.  Self-
motion cues are typically divided into allothetic cues, which are sensed from the external 
environment, or idiothetic cues, which are internally generated.  Optic flow and acoustic 
inputs are allothetic cues, while vestibular signals, proprioceptive afferents, and motor 
efference copies are idiothetic cues.  While optic flow is not necessary for humans to path 
integrate, it is sufficient (Ellmore and McNaughton, 2004; Harris and Wolbers, 2012; 
Kearns et al., 2002; Riecke et al, 2002; Wiener and Mallot, 2006).  In other words, in the 
absence of idiothetic cues, humans can path integrate with varying levels of accuracy 
using optic flow alone.  We capitalized on this in the present study in order to isolate the 
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process of using optic flow to keep track of one’s position and orientation in space.  
Furthermore, studies have shown aged adults perform worse on tests of visual path 
integration (Adamo et al., 2012; Mahmood et al., 2009; Harris and Wolbers, 2012), and 
more generally path integration (Allen et al., 2004; Stangl et al., 2018a, 2018b; Xie et al., 
2017).  Thus, visual path integration tests reflect the weaknesses in spatial navigation 
ability associated with aging shown in several studies using diverse navigation tasks. 
Goals of the Present Research 
 The overarching goal of the experiments in this dissertation is to examine the role 
of visual motion perception and OF-sensitive region dynamics in spatial navigation in 
cognitively normal aged adults and whether the role of these factors in spatial navigation 
in aged adults differs from that in young adults.  In addition to our currently limited 
understanding of the factors and mechanisms underlying age-related weaknesses in 
spatial navigation ability, this goal is motivated by several areas of research reviewed in 
this chapter.  First, age affects visual motion perception.  Second, striking relationships 
between performance on spatial navigation tests and visual motion perception have been 
found in individuals with AD.  Third, several OF-sensitive regions have been identified 
in the brain and they provide a hypothesis-driven set of regions on which fMRI studies of 
spatial navigation can focus.  Although visual motion perception is considered to be a 
factor underlying age-related weaknesses in spatial navigation (Lester et al., 2017; 
Wolbers and Hegarty, 2010), detailed and direct investigations of this are lacking, and 
our intention in designing these experiments was to begin to fill this gap in the literature.  
For this reason, the experiments in this dissertation are in a separate, yet related, space 
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relative to many of the studies focusing on spatial navigation and aging reviewed in this 
chapter.  They do not focus on spatial reference frame (though the tasks were all 
presented in an egocentric frame/first-person perspective), and they do not focus on the 
medial temporal lobe. 
 The aspect of spatial navigation on which this study is focused is visual path 
integration due to our interest in visual motion perception and OF-sensitive region 
dynamics.  We used two different visual path integration tests in this study: a visual 
triangle completion test and a visual path integration (VPI) fMRI paradigm.  These visual 
path integration tests, our sample, and all additional measures collected from our sample 
are described in detail in Chapter 2.  All data were collected in the same group of 29 
young adults and 22 aged adults unless otherwise noted.  The experiments in Chapter 3 
were performed outside of the MRI scanner; the visual triangle completion test was used 
as a measure of visual path integration accuracy in that chapter.  These experiments 
examined the relationship between visual measures, visuospatial reasoning, and visual 
triangle completion test performance with a focus on the relationship between visual 
motion perception and visual triangle completion test error in young and aged adults.  
While studies have shown aged adults perform less accurately on path integration tests 
(many of them triangle completion tests), very few studies have explored or identified 
factors that might explain performance in the aged population.  The objective of the 
analyses in Chapter 3 was to add to our knowledge of these factors using a visual triangle 
completion test, which is a traditional, yet non-ecological, test of path integration.  As 
discussed in this chapter, several OF-sensitive cortical regions have been identified in 
	
	 26 
humans using fMRI and a handful of studies have implicated a link between spatial 
navigation and the activity strength in and functional connectivity patterns of some of 
these regions.  The experiments in Chapters 4 and 5 focused on a subset of the OF-
sensitive regions noted in this chapter that respond more strongly to egomotion-
compatible stimuli than egomotion-incompatible stimuli (Cardin and Smith, 2009; Wall 
and Smith, 2008).  The experiments in Chapters 4 and 5 were performed inside of the 
MRI scanner; the VPI fMRI paradigm was used as a measure of visual path integration 
accuracy in those chapters.  We used fMRI to measure the activity strength in (Chapter 4) 
and functional connectivity patterns of (Chapter 5) subsets of these OF-sensitive cortical 
regions during the VPI paradigm in young and aged adults.  We examined the effects of 
age on these activity and functional connectivity measures as well as the relationship 
between these measures and VPI performance in aged adults.  These fMRI experiments 
were designed to expand the currently narrow focus of published fMRI studies of aging 
and spatial navigation beyond the medial temporal lobe and spatial learning and memory 
tasks.  Together, the experiments in this dissertation aim to investigate factors and 
potential mechanisms associated with age-related weaknesses in spatial navigation ability 








Figure 1.1: Relationships Among Factors and Mechanisms Underlying Weaknesses 
in Spatial Navigation in Normal Aging.  Lester and colleagues (2017) created this 
model of factors contributing to weakened navigational abilities in aged adults.  This 
model proposes that normal aging can affect a number of different computations (top) 
that lead to functional deficits (middle), which contribute to weaknesses in various 
aspects of spatial navigation ability (red, bottom).  They divide computations and 
functional deficits into two categories: general learning and memory processing (green, 
left) and spatial information processing (blue, right).  The experiments in this dissertation 
are focused on elements of spatial information processing and how they relate to spatial 
navigation.  Specifically, our experiments largely focus on motion processing, position 
coding, and path integration, all exclusively using visual stimuli, though they also 






Figure 1.2: Radial Optic Flow.  (right) As we move forward within our environment 
with our head and eyes facing forward, the environment creates a pattern of radial motion 
on our retina that we perceive as optic flow.  Based on the single focus of expansion, 
radial optic flow can be used to determine our heading direction.  In the case of these 
images, heading direction is straight ahead.  (left) A birds-eye view, or survey, 
perspective of the forward motion depicted in the image on the right, which depicts a 






Figure 1.3: Radial Optic Flow Contains Heading Information.  If one’s eyes and head 
remain in the same position as that shown in Figure 1.2, but one’s path deviates to the 
right, the pattern of optic flow experienced contains the corresponding information about 
one’s new heading direction.  This information can be extracted both from a shift in the 
focus of expansion of the optic flow to the right (right, right side of image) as well as the 





CHAPTER TWO: SAMPLE DEMOGRAPHICS AND DATA COLLECTED 
Unless otherwise stated, analyses presented in all chapters were performed on 
data collected from 51 participants.  All participants completed the same study visit with 
tasks performed in the same order.  Figure 2.1 shows a schematic of the study visit.  The 
study took place at the Center for Biomedical Imaging, which is located on the Boston 
University School of Medicine campus. 
Participants 
Data were collected from 51 participants; 29 were young (mean age: 25.2 ± 3.42 
years, range: 20-34, 17 female/12 male) and 22 were aged (mean age: 70 ± 4.87 years, 
range: 62-80, 16 female/6 male).  Most participants were recruited from the greater 
Boston area.  All participants had normal or corrected-to-normal vision and lacked major 
contraindications to MRI.  No participants were taking antipsychotic medications.  Six 
aged adults were on stable doses of medication to treat mild anxiety and depression, and 
one aged adult was taking gabapentin for pain.  One young and one aged adult were on 
stable doses of Adderall.  The number of aged adults on psychoactive medications was 
significantly greater than the number of young adults (c2(1,N=51)=8.09, p=0.0044).  The 
study was approved by the Institutional Review Board at the Boston University School of 
Medicine and was conducted in accordance with the Declaration of Helsinki. 
All aged participants underwent a screening phone call in which the Modified 
Telephone Interview for Cognitive Status (TICS-M) (Knopman et al., 2010) was 
administered in order to assess whether a potential participant’s cognition was 
sufficiently intact.  The TICS-M assesses orientation, attention, comprehension, 
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language, memory, and executive function.  Aged participants who scored 32 or higher 
on the TICS-M were eligible to participate in an effort to select for participants with 
normal cognition.  Half of the aged participants had also received a consensus diagnosis 
of cognitively normal from the Boston University Alzheimer's Disease Center (ADC) 
within a year of participating in the study as part of their participation in the ongoing 
Health Outreach Program for the Elderly (HOPE) study.  Consensus diagnoses are 
determined through evaluation of neuropsychological scores and clinical/health 
information by at least one neurologist, neuropsychologist, nurse practitioner and/or 
psychiatrist. 
Cognitive Assessments 
 Immediately after on-site screening and consent, aged participants completed the 
Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005).  The MoCA is a 
cognitive screening tool that has been shown to be highly sensitive to mild cognitive 
impairment (MCI), a prodromal phase of Alzheimer's disease, and contains tests of 
orientation, visuospatial/executive function, naming, language, memory, attention, and 
abstraction.  A score of 26 or above on the MoCA (including adjustment for years of 
education) is considered to be a conservative cutoff for normal cognition; others have 
shown that a cutoff score of 23 or above or even 20 or above is more appropriate (Luis et 
al., 2009; Nasreddine et al., 2005; Rossetti et al., 2011; Waldron-Perrine and Axelrod, 
2012). 
 All aged participants scored 25 or above on the MoCA (21/22 participants scored 
26-30; 1/22 participants scored 25), which is in line with normal cognition for a highly 
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educated sample.  Most of the errors were made on delayed recall with 13/22 participants 
losing points in this area.  Out of these 13 participants, 10 remembered all words when 
given a cue (supporting difficulty in memory retrieval), and 3 were not able to remember 
all words when given cues (supporting difficulty in memory encoding).  The following 
represent the number of participants that lost points in the other areas: abstraction (5/22), 
visuospatial/executive (5/22), language (3/22), orientation (1/22), naming (1/22).  Four 
participants made no errors on the MoCA. 
Both young and aged participants completed the Matrix Reasoning test from the 
Wechsler Adult Intelligence Scale-Fourth Edition (WAIS-IV).  Young participants 
completed this immediately after on-site screening and consent and aged participants 
completed this after the MoCA.  The Matrix Reasoning test is a broad measure of 
visuospatial organization and reasoning skills.  Participants completed all 26 Matrix 
Reasoning items, regardless of whether they missed three items in a row.  The total 
number of correct items was used as the Matrix Reasoning score in all analyses. 
Functional MRI Paradigms 
After the cognitive assessments and prior to entering the MRI scanner, 
instructions for each task that participants would complete in the MRI scanner were 
explained.  Participants were shown 5 practice trials of the VPI task (1 zero-turn trial, 2 
one-turn trials, 2 two-turn trials, in that order) and 3 practice trials of the turn counting 
(TC) task.  During these practice trials, participants were given the opportunity to ask 
questions, received performance feedback, and were given the option to view trials more 
than once if incorrect.  Once positioned in the MRI scanner, they were shown an 
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additional 5 practice trials of the VPI task (1 zero-turn trial, 2 one-turn trials, 2 two-turn 
trials, in that order) to practice performing the task while lying in a supine position and to 
become familiar with responding with the hand-held device.  After VPI task runs and just 
prior to TC task runs, all participants were shown an additional 3 practice trials of the TC 
task to remind them of the change in task instructions. 
Visual Path Integration Task 
In the VPI task, participants used visual stimuli that one would typically 
experience walking along a short path to keep track of their position and orientation 
relative to their starting location in each video/trial (see Figure 2.2 for an illustration of 
the structure of the task).  The VPI task is composed of a series of short videos (30-40 
seconds) filmed from a first person perspective while walking through a Boston 
neighborhood.  Videos were filmed by the same person (LZ) on the same day using an 
iPhone 7 at a resolution of 1920x1080 pixels at 30 frames/second and a walking pace of 
1.7 steps/second, which was maintained with a metronome.  Specifically, the individual 
filming these videos timed her steps according to the metronome, which was set at a 
speed of 103 beats/minute.  All sound was removed from these videos.  Each trial (i.e. 
video) showed a path with zero, one, two, or three 90° turns.  The VPI task is composed 
of 4 trials of each type (i.e. zero, one, two, or three turns), which totals 16 trials.  All 
paths are unique in that none were presented to the participant more than one time.  At 
the end of each VPI trial, 4 arrows appeared on the dimmed last frame of the video.  
Participants were asked to select the arrow that was pointing toward their location at the 
start of the path relative to their current location and facing direction at the end of the 
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video.  They had 10 seconds to respond, using an MR-compatible device, with the 
number corresponding to the arrow that they believed was pointing toward the starting 
location of the path.  Responses were balanced within each trial type across response 
options.  For example, for two-turn trials, the response could be any one of the 4 
presented arrows, thus the correct responses to this trial type were balanced across all 4 
arrows.  For one-turn trials, the correct response could only be arrow 2 or 3, thus the 
correct responses were balanced across these 2 arrows.  Between trials, a white fixation 
cross on a black background appeared for 6, 8, or 10 seconds.  Participants were shown 2 
VPI runs (8 trials per run) and at this point were asked to rate how accurately they 
believed they performed the task, how difficult the task was for them, and how much 
effort was required to perform the task on a scale from 1-7.  Participants verbally 
responded to these three questions while in the MRI scanner.  Performance on the VPI 
task was measured as percent correct trials. 
Turn Counting Task 
After the VPI task, all participants completed the TC task, in which they were 
asked to count the number of turns but were not required to keep track of their location 
and orientation (Figure 2.2).  The TC task included 16 videos with zero, one, two, or 
three 90° turns, just as in the VPI task, but were different videos of different paths.  There 
were 4 trials of each type and trials were balanced across runs.  The videos presented in 
each trial were different paths from those presented in the VPI task, but they were filmed 
on the same day, in the same neighborhood, by the same person, and with the same 
parameters as the VPI videos.  Again, no path was presented more than once.  At the end 
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of each TC trial, 0, 1, 2, and 3 appeared and participants were asked to select the number 
of turns they believed were made in the video.  The VPI and TC tasks are composed of 
the same type of stimuli, but the way participants are asked to use the visual motion 
information differs.  The VPI task has navigational demands, but the TC task does not; 
participants were not required to track their location at all during the TC task.  After the 2 
TC task runs, participants were asked to rate their performance accuracy, the task 
difficulty, and the effort required, just as they did after the VPI task runs.  Performance 
on the TC task was measured as percent correct trials. 
Participants were shown the same set of stimuli (32 videos total, 16 VPI and 16 
TC) in the same order.  During scanning, all participants first viewed 2 runs of the VPI 
task (8 videos/trials per run) and then viewed 2 runs of the TC task (8 videos/trials per 
run).  VPI and TC trial types and task runs were not interleaved.  We made this 
experimental choice to minimize confusion over which task was being performed in order 
to minimize spontaneous path integration during the TC runs. 
Optic Flow Localizer 
A paradigm consisting of alternating blocks of coherent and scrambled motion 
(Pitzalis et al., 2009; Pitzalis et al., 2013) was used to define OF-sensitive regions of 
interest (ROIs).  The paradigm was generously shared with us by Dr. Marty Sereno at 
San Diego State University and is freely available (contact msereno@sdsu.edu).  The 
paradigm consists of white dots on a black background that move in alternating 16s-
blocks of coherent motion (dilation, contraction, inward spiral, outward spiral, or 
rotation) or scrambled motion.  In both coherent and scrambled motion blocks, a new 
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field of white dots appears every 500 ms.  The type of coherent motion chosen for each 
500 ms period is randomly selected from a continuum.  In scrambled blocks, the 
trajectory of each dot is rotated by a random angle, which disrupts the coherent motion of 
the dot field.  A speed gradient is present such that central dots move more slowly than 
peripheral dots in both coherent and scrambled blocks.  Each block was shown 8 times, 
starting with a coherent block.  A red fixation cross was present in the center of the 
screen throughout and participants were instructed to stay awake and fixate on the cross 
throughout 2 runs of this task. 
Magnetic Resonance Imaging 
All participants were scanned at the Center for Biomedical Imaging at the Boston 
University School of Medicine on a 3T Philips Achieva system with a 32-channel head 
coil.  The one-hour scanning session included the following scans in this order: 2 VPI 
runs, 2 TC runs, 2 optic flow localizer runs, a 10-minute resting-state scan (not used in 
the analyses in this dissertation), a fieldmap, and a T1-weighted (T1W) anatomical scan.  
Axial T2*-weighted scans with blood-oxygenation-level-dependent (BOLD) contrast 
were acquired during the VPI, TC, optic flow localizer, and resting-state runs (TR/TE: 
2000/28ms, acquired and reconstructed voxel size: 3x3x3mm, matrix: 64x64, 36 slices, 
no slice gap, default slice acquisition, EPI factor: 35).  Four dummy scans were acquired 
at the start of each run.  For the VPI and TC runs, the number of dynamics varied with 
the length of each run (~214 dynamics/run).  Each optic flow localizer run consisted of 
132 dynamics.  During the 10-minute resting-state scan, a white dot centered on a black 
screen was displayed and participants were instructed to watch the dot, let their minds 
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wander, and stay awake.  The axial fieldmap was acquired to correct for distortions in the 
T2*-weighted images caused by inhomogeneities in the static magnetic field 
(TR/TE1/TE2: 20/2.3/4.6ms, acquired voxel size: 2.71x2.71x3mm, acquired matrix: 
96x80, reconstructed voxel size: 1.02x1.02x3mm).  A sagittal MP-RAGE scan was used 
to acquire T1W data for use in image registration (TR/TE: 6.7/3.1ms, flip angle: 9°, 
acquired voxel size: 1.11x1.11x1.2mm, acquired matrix: 244x227, reconstructed voxel 
size: 1.05x1.05x1.2mm, reconstructed matrix: 256x256, 140 slices). 
The visual stimuli were displayed on an MR-compatible LCD screen (Cambridge 
Research Systems, BOLDscreen 3D LCD for fMRI, active area: 50.9x29.0 cm) and 
viewed through a mirror (15.2x7.6 cm) mounted on the headcoil approximately 13 cm 
from the participants’ eyes and 102 cm from the LCD screen.  VPI and TC runs were 
presented in EPrime v2.0 on a PC running Windows 7 Professional.  The optic flow 
localizer was presented on a MacBook Pro (Retina, 13-inch, Early 2015, running High 
Sierra v10.13.3).  Lights in the scanner room were dimmed during the experiment.  
Participants responded to each VPI and TC trial with their dominant hand using a Current 
Designs PYKA response pad in the scanner.  Participants with corrected vision but no 
contact lenses used MRI-compatible glasses for the scanning session.  The lens strength 
that made the paradigms most clear (as reported by the participant) in the MRI scanner 
was used. 
Questionnaires 
 After completion of MRI scanning, participants filled out a post-scan 
questionnaire including questions about VPI task strategy and neighborhood familiarity, 
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among others, outside of the scanner in the CBI lobby.  Aged participants completed the 
Cognitive Change Index (CCI), which is a 20-item scale of cognitive ability that asks 
individuals whether they feel their ability in multiple cognitive domains has been stable 
or decreased over the past 5 years (Rattanabannakit et al., 2016).  Interest in the state of 
subjective cognitive decline has increased in recent years as a potential early marker of 
future, objective cognitive decline because cognitively normal individuals with subjective 
cognitive decline are at greater risk of experiencing objective cognitive decline than their 
counterparts who do not report subjective cognitive decline (Reisberg et al., 2010).  Thus, 
measuring and reporting subjective cognitive decline in studies with aged participants is 
important as a demographic variable and important to the ability to place the results of 
these studies in the context of the growing literature on subjective cognitive decline.  On 
the CCI, participants rank their perceived decline on each item from 1-5, with 1 
representing no decline and 5 representing severe decline.  A score of 20 on the CCI 
indicates self-reported stable cognition.  Frequently, the first 12 items on the CCI, which 
are all memory focused, are separately assessed, and a score of 16 or higher on these first 
12 items is used to define subjective memory decline (the minimum score of 12 indicates 
self-reported stable memory; the maximum score on the memory items is 60) (Aisen et 
al., 2015).  Applying the ratio of 16/60 (subjective memory decline threshold / maximum 
possible score on memory items) to the full CCI (maximum possible score = 100), one 
could define subjective cognitive decline as a score of 27 or higher.  Aged participants 
had an average CCI score of 33.2 ± 7.16 (range = 22-51; full possible range = 20-100), 
and 18/22 had subjective cognitive decline based on the cutoff of 27.  In terms of the 12 
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memory items, aged participants had an average score of 22 ± 4.68 (range = 14-31, full 
possible range = 12-60), and 20/22 had subjective memory decline based on the cutoff of 
16. 
Visual Triangle Completion Test 
After completing the questionnaires, all participants performed a visual triangle 
completion test on a computer outside of the MRI scanner.  The triangle completion test 
is a well-established and commonly used tool to measure path integration ability.  In the 
test, participants are led along the first two legs of a triangle and are then asked to 
“complete the triangle”, or make a turn and travel back to the starting point (Figure 2.3).  
Frequently, sensory input is limited to a single modality to test the contribution of that 
sense to path integration; participants completed this triangle completion test using only 
visual information.  Dr. Mat Harris generously adapted and shared the triangle 
completion test reported in Harris and Wolbers (2012) for use in this study. 
The visual triangle completion test was explained to participants.  Next, they were 
physically led through a real-world trial of the task to ensure that the objective of the task 
was understood.  Participants then performed the task in a dark room on a Lenovo 
computer with an Intel Core i7-6700 Processor running Windows 10.  The triangle 
completion test was displayed on a Dell E2715H monitor with 1920x1080 resolution and 
a 60 Hz refresh rate.  Participants used the arrow keys and space bar on a keyboard to 
perform the task.  The triangle completion test was run in Vizard version 5.x and the 
virtual environment in which the test was performed was composed of a sunny, open 
field.  The “floor” of the environment was green and textured to resemble grass, and the 
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“walls” of the environment displayed mountains and a blue sky with clouds (Figure 2.3).  
Participants were first given the opportunity to explore the open field in order to 
familiarize themselves with use of the arrow keys.  They then completed 2 instructional 
trials of the task, in which instructions walking them through each leg of the triangle were 
displayed as well as a prompt to respond.  Following this, 4 practice trials of the task 
were completed.  At this point, participants were asked if they had enough practice and 
whether they were ready to proceed with the task.  Most participants proceeded without 
extra practice.  The task was composed of 36 unique triangles presented in random order.  
The distance of leg one of each triangle was 10 or 15 virtual units, the turn was to the left 
or the right and 70°, 110°, or 150°, and the distance of leg two was 10, 15, or 20 virtual 
units.  Participants’ final position on each trial was logged and the distance (in virtual 
units) between this position and the starting position was used as a measure of overall 
error for that triangle (Figure 2.3).  The average error across all triangles was used as a 
measure of overall error on the test.  The overall error on each triangle was also 
decomposed into signed and unsigned turn and distance error (Figure 2.3).  These errors 
were calculated assuming a linear response from participants (i.e. they were based on 
each participant’s final positions rather than the path traveled by the participant, which 
was not recorded).  To calculate unsigned error, the absolute value of the signed turn and 
distance error on each triangle was calculated and then averaged across all triangles.  
Participants performed this test with their corrective lenses if their vision was corrected. 
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Global Motion Coherence Thresholds 
 After the visual triangle completion test, global radial and translational motion 
coherence thresholds were measured using random dot kinematograms.  Radial global 
motion coherence thresholds represented participants’ sensitivity to inward/outward 
radial optic flow; outward radial optic flow consistent with forward self-motion was 
experienced while moving forward in the VPI, TC, and visual triangle completion tests.  
Translational global motion coherence thresholds represented participants’ sensitivity to 
left/right translational optic flow, which was experienced during turns in the VPI, TC, 
and visual triangle completion tests.  The random dot kinematogram paradigms were 
generously shared with us by Dr. Peter Bex and were adapted for use in this study. 
The random dot kinematogram paradigms were run on a Lenovo computer with 
an Intel Core i7-6700 Processor running Windows 10.  Paradigms were executed in 
MATLAB R2017a in Psychophysics Toolbox version 3.0.14 beta.  The paradigms were 
displayed on a Dell E2715H monitor with 1920x1080 resolution and a 60 Hz refresh rate, 
which was the same as the triangle completion test.  All participants completed tests to 
measure radial and translational global motion coherence thresholds, which are described 
below.  Participants first completed practice trials of the radial and translational tests to 
ensure that they understood how to respond, and then they completed the radial test 
followed by the translational test.  Participants completed these tests in a dark room at a 
viewing distance of 50 cm.  They responded with their right hand using left and right 




 In the radial and translational tests, 200 white dots (diameter=0.3 degrees, 
Michelson contrast=1.0) were presented on a gray screen in each trial.  The stimuli 
subtended a circular area with a diameter of 34 degrees in the center of the screen and a 
green dot was present in the center.  In the radial test, varying proportions of the dots 
moved inward toward the central green dot or outward away from it.  In the translational 
test, varying proportions of the dots moved to the left or to the right.  In each trial, dots 
appeared for 0.5 seconds, moved at a speed of 6 degrees/second, and had a lifetime of 3 
frames.  On the first trial of every test, 100% of the dots moved coherently.  If a correct 
response was provided on a given trial, the proportion of dots moving coherently in that 
trial was divided by 1.122.  If an incorrect response was provided on a given trial, the 
proportion of dots moving coherently in that trial was multiplied by 1.259.  These step 
sizes were used in order to achieve staircase convergence at 80% correct performance 
(Garcı́a-Pérez, 1998).  Participants completed 80 trials of each test.  Radial and 
translational thresholds were calculated by averaging the proportion of dots that were 
signal (i.e. coherently moving) across reversals in each test (excluding the first 4 
reversals).  Participants performed these tests with their corrective lenses if their vision 
was corrected. 
Contrast Sensitivity and Acuity 
Lastly, contrast sensitivity and acuity were measured using the “quick CSF” 
(quick contrast sensitivity function) method (Lesmes et al., 2010; Dorr et al., 2013).  Dr. 
Peter Bex generously shared this test with us.  These measures were used to assess 
whether there were differences in basic visual system function between young and aged 
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participants.  Briefly, participants were tested in a dark room at a fixed viewing distance 
of 50 cm.  Participants were shown 50 trials, and in each trial, a letter of a given size and 
contrast was presented in the center of a gray screen.  The 26 letters of the alphabet were 
displayed on the bottom of the screen and participants were instructed to click on the 
letter that they believed they saw in each trial using a mouse.  The area under the log of 
the contrast sensitivity function (AULCSF) was recorded as a broad measure of contrast 
sensitivity, which is frequently used as a measure of functional vision, and has been 
shown to be reliable when measured with 50 trials of this type of task (Lesmes et al., 
2010).  The acuity limit of 15.5 cycles/degree was reached with this experimental set up.  
Therefore, rather than acuity being calculated as the smallest full contrast letter a 
participant could correctly identify, it was calculated based on the extrapolation of each 
participant’s contrast sensitivity function.  Participants performed this test with their 
corrective lenses if their vision was corrected. 
Measure Young (n=29) Aged (n=22) 
Age (years) 25.2 ± 3.42 (20-34) 70 ± 4.87 (62-80) ** 
Sex (F/M) 17 F / 12 M 16 F / 6 M 
Education (years completed) 17.5 ± 2.16 (14-24) 18.4 ± 2.81 (12-24) 
Handedness (R/L) 24 R / 5 L 22 R / 0 L * 
MoCA(education-adjusted total 
score) 
n/a 27.8 ± 1.54 (25-30) 
CCI total n/a 33.2 ± 7.16 (22-51) 
CCI memory n/a 22 ± 4.68 (14-31) 
 
Table 2.1: Participant Demographics.  Participant demographics for each group.  
Mean, standard deviation, and range are shown for measures for which they are 
applicable.  Asterisks mark those measures that significantly differed between groups.  
The mean age was significantly higher in the aged group, by design.  There were also 
significantly more left handed participants in the young group compared to the aged 
group, in which all the participants were right handed.  Sex and education did not differ 




Figure 2.1: Schematic of Study Visit.  Flow chart showing the data collected from 
young (left) and aged (right) participants and the order in which data were collected.  All 
data were collected at the Center for Biomedical Imaging (CBI) at the Boston University 







Figure 2.2: Visual Path Integration and Turn Counting Tasks.  (A) Schematic 
showing the structure of a VPI and TC trial.  All trials depicted what participants would 
view from first-person perspective if they were walking in a neighborhood in Brighton, 




3 turns.  The red arrows show the participant’s starting location and facing direction and 
the green arrows show the participant’s ending location and facing direction.  In the VPI 
trial, participants were required to keep track of the starting location relative to their 
position and orientation throughout the path.  The correct answer in this particular VPI 
trial would be arrow 2, which points behind the participant to the right (C, bottom).  In a 
TC trial showing a path with an identical layout, the correct answer would be 3 because 
that is the number of turns taken in the path.  Participants were not required to keep track 
of their position and orientation in TC trials.  (C) Response arrows for zero-turn trials 
(top) had a different configuration from the response arrows for one-, two-, or three-turn 
trials (bottom).  Arrows were numbered and number-arrow pairings were consistent 





Figure 2.3: Visual Triangle Completion Test.  (black, top left) Birds-eye view of a trial 
of the visual triangle completion test.  Participants viewed visual stimuli consistent with 
them being led along the first two legs of a triangle (consisting of forward motion, a 
single turn, and forward motion) in first-person perspective in a virtual open field (top 
right).  Participants were then required to “complete the triangle” on each trial with a 
single turn and forward motion in order to return to their starting location (gray, top left).  
(red dotted line, bottom) On each trial, the distance between a participant’s ending 
location and their starting location in virtual units was measured as overall error.  
Distance error and turn error were also calculated for each triangle.  Distance error was 
calculated by comparing the length of the response line (green) to the line back to the 
correct starting location (gray).  The signed error shown would be negative, representing 
that the participant did not move far enough.  Turn error was calculated by measuring the 
angle difference between the response line (green) and the line back to the correct starting 
location (gray).  The signed turn error shown would be negative, representing that the 
participant did not turn far enough.  To calculate unsigned distance and turn errors, the 
absolute value of these errors were calculated.  Errors were calculated for each triangle 




CHAPTER THREE: THE EFFECT OF NORMAL AGING ON THE 
RELATIONSHIP BETWEEN GLOBAL MOTION PERCEPTION AND VISUAL 
PATH INTEGRATION ACCURACY 
Introduction 
Aging is associated with weaknesses in various aspects of spatial navigation 
ability, including place and route learning, cognitive map formation and retrieval, and the 
focus of this dissertation, path integration (see Lester et al., 2017 and Moffat, 2009 for 
review).  Many studies that have investigated the effect of age on path integration have 
used the triangle completion test to do so.  In this test, participants experience the first 
two legs of a triangular path (separated by a single turn) and are required to “complete the 
triangle” or return to their starting location (Figure 2.3).  Healthy individuals have access 
to visual, vestibular, proprioceptive, auditory, and motor efference information when 
walking on triangular paths in the real world.  However, in triangle completion tests, 
sensory information is often restricted to one or two sensory inputs in an attempt to 
determine the contribution of different senses to test performance. 
Studies that have used the triangle completion test to study path integration ability 
have largely shown that aged individuals perform less accurately when compared to their 
younger counterparts (Adamo et al., 2012; Allen et al., 2004; Harris and Wolbers, 2012; 
Mahmood et al., 2009; Xie et al., 2017).  Aged adults perform worse on the triangle 
completion test when using only vestibular information (Adamo et al., 2012; Allen et al., 
2004) or only visual information (Adamo et al., 2012; Mahmood et al., 2009) to path 
integrate.  Harris and Wolbers (2012) found that aged adults performed worse on distance 
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and rotation reproduction tasks when using only visual information to complete them.  
On the triangle completion test used in that study, there were significant differences 
between young and aged adults’ test performance.  Young participants tended to 
overshoot (move and turn too far with respect to the set of triangles used) compared to 
aged participants who tended to undershoot (move and turn too little with respect to the 
set of triangles used), resulting in each group performing better on different triangles 
(Harris and Wolbers, 2012).  In triangle completion tests in which a mixture of 
proprioceptive, vestibular, and motor efference information was available to participants 
(i.e. blindfolded walks), Allen and colleagues (2004) found no effect of age on 
performance whereas Xie and colleagues (2017) did.  This can be explained by the fact 
that some aged adults may be able to compensate for difficulty in using a single sensory 
input to path integrate in multisensory contexts (Ramkhalawansingh et al., 2016).  
Overall, this set of studies supports age-related weaknesses in path integration as 
measured with the triangle completion test, particularly when only visual or vestibular 
information is available. 
Though several studies support less accurate path integration in aged adults, fewer 
have explored factors that explain this.  One study referenced above (Allen et al., 2004) 
found that cognitive resources (specifically processing speed and working memory) 
explained signed distance error on their vestibular triangle completion test.  Specifically, 
they found that processing speed and working memory accounted for 71% of the age-
related variance in signed distance error.  Age remained significant as a variable 
explaining this error, however it explained a much smaller proportion of the variance than 
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cognitive resources did.  This suggests that the integrity of general cognitive functions 
may explain less accurate path integration in aged adults.  This aligns with studies 
showing that processing speed explains much of the age-related variance in a number of 
fluid intelligence measures (Salthouse, 1996), executive function explains the age-related 
influence on paper and pencil maze tests (Salthouse and Siedlecki, 2007), and the concept 
that age-related variance in several cognitive domains is shared and accounted for by a 
single factor rather than independent and representative of distinct processes. 
Other studies have used modeling approaches to better understand what might be 
responsible for the age-related weaknesses in path integration.  In one study, participants 
performed a path integration task that did not restrict sensory information; a model was 
fit to the data to explain what computational factors contributed most to the increased 
error on this path integration task found in the aged group (Stangl et al., 2018a).  The 
authors found that the increased error in path integration in the aged group was largely 
related to increased unbiased noise in the aged group.  Specifically, noise increased with 
distance traveled, not time, and was thus associated with velocity input rather than the 
integration mechanism itself.  This suggests that aged adults have greater noise in the 
sensory systems that process self-motion and that this is responsible for elevated path 
integration error in aged adults rather than age-related effects on the transformation of 
self-motion information into a mental representation of the path traveled and/or 
maintenance of this representation.  Because the path integration task used in this study 
was multisensory, it is not clear whether noise in one or multiple sensory systems was 
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responsible for this or whether the noise was related to multisensory integration.  It is also 
possible that different factors influence performance under restricted sensory conditions. 
Ramkhalawansingh and colleagues (2018) recently explored integration of visual 
and vestibular cues in self-motion perception in young and aged adults.  They examined 
the effect of age on the integration of visual and vestibular cues in self-motion perception 
and the relative weighting of these cues to determine heading direction using modeling.  
While this was not a path integration study per se, it examined the effect of age on the 
contribution of each sensory input to heading perception, which is relevant to accurate 
path integration performance.  The authors found that when only visual information was 
presented, aged adults had less reliable heading estimates compared to young adults, 
whereas heading estimates based on vestibular information did not differ.  They also 
found that when visual and vestibular cues were combined and incongruent (i.e. the cues 
supported different directions of self-motion), aged adults weighted visual cues more 
heavily in their heading responses, even though visual cues were less reliable than 
vestibular cues in the aged sample in this study.  This finding is related to research 
showing that aged adults have a higher threshold in accurately perceiving heading 
direction when only visual information (i.e. optic flow) is available (Kavcic et al., 2011; 
Lich and Bremmer, 2014; Warren et al., 1989), as well as research showing that aged 
adults are less sensitive to certain aspects of global motion (see Hutchinson et al., 2012 
for review).  It has been suggested that global motion perception may play a role in the 
age-related weaknesses in heading sensitivity and path integration (Coughlan et al., 2018; 
Lester et al., 2017) and deficits in global motion perception have been associated with the 
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deficits in spatial navigation ability seen in AD (Kavcic et al., 2006; Tetewsky and Duffy, 
1999).  More broadly, several aspects of vision, including contrast sensitivity and 
corrected visual acuity, decline with age (see Schieber, 2006 for review).  This visual 
decline (in addition to auditory and sensorimotor decline) has been associated with poorer 
performance on a variety of cognitive tests (Li and Lindenberger, 2002; Salthouse et al., 
1996).  Thus, it is possible that these aspects of vision could play a role in the age-related 
weaknesses in path integration, as well.  In terms of the vestibular system, age-related 
differences in vestibular heading estimates were not found in Ramkhalawansingh and 
colleagues’ study, but aspects of the vestibular system have also been documented to 
decline with age (Allen et al., 2017) and vestibular damage has been shown to negatively 
affect path integration performance (Xie et al., 2017).  Overall, these results provide 
additional support for the concept that age-related changes in sensory systems, 
particularly the visual and vestibular systems, could explain less accurate path integration 
in aged adults. 
In the present study, we focused on the relationship between vision, particularly 
global motion perception, and visual path integration accuracy.  We used a visual triangle 
completion test to measure visual path integration accuracy and collected measures of 
radial and translational global motion perception as well as measures of contrast 
sensitivity, acuity, and visuospatial reasoning.  Our main goal was to test the hypothesis 
that global motion perception plays a greater role in visual path integration accuracy in 
aged adults than in young adults as a result of more limited cognitive resources in the 
aged population.  Limited resources accounts of aging predict that more effortful 
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processing in the initial (i.e. sensory) stages of perception may reduce cognitive resources 
available for downstream, higher-level processes in aged adults, who have fewer 
cognitive resources, relative to young adults, who have more cognitive resources 
(Rabbitt, 1968; Valentijn et al., 2005; Wingfield et al., 2005).  By this account, aged 
adults with higher global motion thresholds would require a greater proportion of their 
limited cognitive resources to derive their direction of self-motion from global visual 
motion patterns than young adults, thus leaving fewer resources available to maintain an 
accurate representation of their traveled path (i.e. the spatial aspect of the task).  Given 
that there is also evidence for a role of general cognitive resources in path integration 
performance in aged adults (Allen et al., 2004) as well as a relationship between 
sensorimotor decline and cognitive test performance in aged adults (Li and Lindenberger, 
2002), we also explored whether there were differential relationships between visual 
acuity, contrast sensitivity, visuospatial reasoning, and visual path integration accuracy in 
young versus aged adults.  Many connections have been made between age-related 
changes in global motion perception, heading perception, sensory system function, and 
spatial navigation ability.  However, direct investigations of a relationship between these 
factors in the context of visual path integration – a navigation task that highlights the 
real-time use of visual motion information to keep track of one’s location – are lacking.  





Participant demographics and detailed descriptions of the visual, visuospatial, and 
navigation-based measures used in the analyses in this chapter are covered in Chapter 2.  
The measures of visual system function used in the analyses in this chapter were radial 
global motion threshold, translational global motion threshold, AULCSF (contrast 
sensitivity), and acuity.  All tests were completed with corrective lenses.  The 
visuospatial measure collected and used was the Matrix Reasoning Test from the WAIS-
IV, which is a broad measure of visuospatial reasoning and organization.  Visual path 
integration accuracy was measured using the visual triangle completion test (Figure 2.3).  
Accuracy was measured through overall error; overall error on each triangle was 
measured as the distance between the true starting location and the participant’s final 
location on each trial, averaged across all triangles (Figure 2.3).  Overall error on each 
triangle was also decomposed into signed and unsigned turn and distance errors (Figure 
2.3).  Negative and positive signed turn error represent under and overturning, 
respectively, and negative and positive signed distance error represent not moving far 
enough and moving too far, respectively.  These measures were extracted for each 
triangle and averaged across all triangles.  Unsigned turn and distance error for each 
participant were calculated as the absolute value of the signed turn and distance error on 
each triangle, and these values were averaged across all triangles.  All statistics were 
performed in JMP Pro v13. 
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Effect of Age on Visual, Visuospatial, and Visual Path Integration Measures 
 Age was treated as a binary variable in all analyses.  Independent samples t tests 
were used to compare AULCSF, radial thresholds, translational thresholds, Matrix 
Reasoning scores, visual triangle completion test overall error, and signed/unsigned 
visual triangle completion test turn and distance error between groups.  A Wilcoxon test 
was used to compare acuity because the data were heavily skewed (all young participants 
except one had an acuity of 31 cycles/degree). 
Regression Models of Visual Path Integration Performance 
 Linear regression models were used to assess the effect of normal aging on the 
relationships between global motion sensitivity, visual acuity, contrast sensitivity, Matrix 
Reasoning scores, and visual path integration accuracy.  The first set of regression 
models was built to explore the effect of each visual and visuospatial measure and age on 
visual path integration test performance.  Each regression model was first built with a 
single visual or visuospatial variable as the independent variable and visual triangle 
completion test overall error as the dependent variable.  Age and an interaction term were 
then added into each model to assess whether each visual and visuospatial variable 
explained variance in visual path integration test performance independently of age.  
Standard least squares regression models were used.  False discovery rate (FDR)-
corrected p values were calculated accounting for the number of variables within each 
model (Benjamini and Hochberg, 1995). 
A second set of regression models was built to explore the effects of radial and 
translational global motion thresholds on the distance and turn errors on the visual 
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triangle completion test, respectively.  Each regression model was built with signed or 
unsigned turn or distance error as the dependent variable.  For the turn error models, 
translational global motion threshold, age, and an interaction term were entered into the 
model because translational motion was experienced during the turns.  For the distance 
error models, radial global motion threshold, age, and an interaction term were entered 
into the model because outward radial motion was experienced during forward motion on 
each leg of the triangle.  Standard least squares regression models were used for these 
analyses, as well.  FDR-corrected p values were calculated accounting for the number of 
variables within each model (Benjamini and Hochberg, 1995). 
Results 
Effect of Age on Visual, Visuospatial, and Visual Path Integration Measures 
 Table 3.1 shows the mean, standard deviation, and range for the visual, 
visuospatial, and visual path integration measures for the young and aged groups as well 
as the measures that were significantly different between the young and aged groups 
(AULCSF: t(30.4)=-10.1, p<0.0001; acuity: t(20.1)=-6.39, p<0.0001; translational 
threshold: t(47.8)=-3.37, p=0.0015; Matrix Reasoning: t(49)=-3.23, p=0.0022).  All 
results remained significant (or not significant) when including sex and education as 
covariates and differences found between the young and aged adults were not due to 
psychoactive medications. 
Measure Young (n=29) Aged (n=22) 
Visual 
AULCSF 3.13 (±0.180) (2.59-3.51) 2.39 (±0.298) (1.87-2.96) *** 
Acuity (Cycles/Degree) 30.9 (±0.403) (28.8-31) 20.6 (±7.41) (12.1-31)*** 














Matrix Reasoning 21.7 (±2.27) (16-25) 19.2 (±3.18) (12-26) ** 
Visual Path Integration 
Visual Triangle 
Completion Overall Error 
(Virtual Units) 
13.4 (±6.86) (6.28-36.7) 22.7 (±9.85) (7.37-41.8) ** 
Signed Turn Error  
(Degrees) 
39.1 (± 48.4) 61.7 (± 58.5) 
Unsigned Turn Error 
(Degrees) 
57.5 (± 35.5) 93.2 (± 35.2) ** 
Signed Distance Error 
(Virtual Units) 
-0.563 (± 4.72) 4.33 (± 8.02) * 
Unsigned Distance Error 
(Virtual Units) 
6.43 (± 2.19) 10.0 (± 6.34) * 
 
Table 3.1: The Effect of Age on Visual, Visuospatial, and Visual Path Integration 
Measures.  Measures that were significantly different between the young and the aged 
groups are indicated with asterisks.  Note that in the aged group, the AULCSF and acuity 
data is from 21/22 participants (one participant did not complete this due to a time 
constraint) and the visual triangle completion test data is from 21/22 participants (a 
different participant did not complete this due to motion sickness experienced during the 
test).  Overall error on each triangle of the visual triangle completion test was 
decomposed into signed turn and distance error.  This error calculation was based on 
participants’ final positions on each triangle and assumed a linear response.  Negative 
values represent not turning far enough or not traveling far enough and positive values 
represent turning too far or traveling too far across all triangles.  Unsigned distance error 
was calculated as the absolute value of the signed distance error on each triangle and was 
then averaged across all triangles.  This represents the magnitude of the error regardless 
of the direction.  * p < 0.05, ** p < 0.01, *** p < 0.0001. 
 
 Aged participants performed significantly less accurately on the visual triangle 
completion test compared to young participants (overall error: t(48)=3.93, p=0.0003; 
unsigned turn error: t(48)=3.53, p=0.0009; signed distance error: t(30)=2.50, p=0.0183; 
unsigned distance error: t(23.5)=2.48, p=0.0206).  All participants understood the real-
world example of the test.  Despite this, most young and aged participants reported 
significant difficulty with the visual triangle completion test during practice trials.  In 
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particular, several of the aged participants reported feeling disoriented and stated that the 
task perceptually “didn’t make sense” in the sense that it was difficult for them to connect 
the real-world experience of the task to what they were viewing on the screen, which is in 
line with their significantly less accurate performance on all but one measure on this test.  
The only measure of visual triangle completion test performance that did not differ 
between young and aged adults was signed turn error, though the mean signed turn error 
was greater in aged adults, which follows the trend of less accurate performance by the 
aged group captured by the other measures. 
Regression Models of Visual Path Integration Performance 
Table 3.2 shows the details of the regression models predicting visual triangle 
completion test overall error with and without the age and interaction variables.  The 
AULCSF and Matrix Reasoning score models were significant (AULCSF: R2=0.12, 
F(1,47)=6.44, p=0.0146; Matrix Reasoning: R2=0.241, F(1,48)=15.2, p=0.0003).  Higher 
AULCSF and Matrix Reasoning score were associated with lower overall error on the 
visual triangle completion test (AULCSF: β=-7.50, t(47)=-2.54, p=0.0146; Matrix 
Reasoning: β=-1.56, t(48)=-3.90, p=0.0003).  These models remained significant when 
the age and interaction terms were added to each model (AULCSF: R2=0.256, 
F(3,45)=5.17, p=0.0037; Matrix Reasoning: R2=0.344, F(3,46)=8.05, p=0.0002).  In the 
AULCSF model, age became the only significant predictor (β=-6.35, t(45)=-2.78, 
p=0.0079) whereas in the Matrix Reasoning model, both age (β=-3.31, t(45)=-2.69, 
p=0.0099) and Matrix Reasoning score (β=-1.09, t(45)=-2.57, p=0.0133) were significant 
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predictors of visual triangle completion overall error.  Psychoactive medications did not 
show effects on overall error or any of the variables listed in Table 3.2. 
Variable Single Variable Model R2 
(p value) 
Model with Age + 
Interaction Term R2 (p 
value) 
Radial Threshold 0.00393 (p=0.665) 0.273 (p=0.002)** 
Translational 
Threshold 
0.0508 (p=0.116) 0.267 (p=0.0024)** 
AULCSF 0.120 (p=0.0146)* 0.256 (p=0.0037)** 
Acuity 0.0400 (p=0.168) 0.291 (p=0.0013)** 
Matrix Reasoning 0.241 (p=0.0003)*** 0.344 (p=0.0002)** 
 
Table 3.2: Models Predicting Visual Triangle Completion Overall Error with and 
without Age.  The R2 values and model p values for individual regression models 
including the visual and visuospatial measures as predictors and visual triangle 
completion test overall error as the dependent variable are shown.  The regression models 
in which AULCSF and Matrix Reasoning score were predictors were significant.  When 
age and the interaction term were added to all the models, all models were significant.  
Amongst the models, only Matrix Reasoning score remained a significant predictor of 
visual triangle completion test error when age and the interaction terms were included in 
the model.  In all other models, age became the only significant predictor of visual 
triangle completion test error. * p < 0.05, ** p < 0.01, *** p < 0.001 
 
We measured radial and translational global motion thresholds, and these 
thresholds correspond to the global motion experienced during forward movement and 
turns, respectively.  Thus, although these thresholds did not have independent effects on 
overall error on the visual triangle completion test, we examined whether they had an 
effect on distance and turn error.  Table 3.3 shows four regression models in which 
signed and unsigned distance and turn error are dependent variables.  Radial threshold, 
age, and an interaction term were the independent variables in the distance error models 
and translational threshold, age, and an interaction term were the independent variables in 
the turn error models.  The only model in which global motion thresholds had a 
significant effect on performance was the model predicting unsigned distance error.  
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Global radial threshold had a trend effect on unsigned distance error (β=9.76, t(46)=2.00, 
p=0.051), and there was a significant threshold x age interaction (β=-11.1, t(46)=-2.27, 
p=0.028) in which higher global radial thresholds were associated with a larger unsigned 
distance error in the aged group (r(20)=0.41) but not in the young group (r(27)=-0.0756).  
Age was a significant predictor of unsigned turn error and signed and unsigned distance 






corrected p value  
(Radial/Translational) 
Age FDR-
corrected p value 
Threshold x Age 
Interaction FDR-
corrected p value 
Signed Turn 
Error 
0.67 (translational) 0.438 0.438 
Unsigned Turn 
Error 
0.624 (translational) 0.0212 * 0.624 
Signed Distance 
Error 
0.27 (radial) 0.022 * 0.147 
Unsigned 
Distance Error 
0.051 (radial) ^ 0.01 * 0.0419 * 
 
Table 3.3:  Regression Models Predicting Signed and Unsigned Turn and Distance 
Error.  Regression models were built to explore the effect of age on the relationship 
between global motion thresholds and turn and distance error on the visual triangle 
completion test.  Global translational thresholds were used in models predicting signed 
and unsigned turn error because translational motion was experienced during turns.  
Global radial thresholds were used in models predicting signed and unsigned distance 
error because outward radial motion was experienced during forward motion (i.e. each 
triangle leg).  The FDR-corrected p values corresponding to each predictor variable are 
listed.  FDR correction was performed on the variables within each model, not across 
models. * p < 0.05, ^ p < 0.09 
 
 As discussed, many of the aged adults reported that the visual triangle completion 
test was very difficult and perceptually did not make sense to them.  All participants’ 
performance was monitored during practice trials and at least one point during test 
performance to assess whether participants were performing the test as instructed.  
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During practice trials, if participants were not “completing the triangle” with a single turn 
and forward movement, the experimenter pointed this out and they were reminded of the 
way they should perform the task.  For some participants, this clarified how they should 
perform the test and they adjusted their responses accordingly.  For other participants, 
this did not translate into the use of the optimal strategy to perform this task.  A majority 
of the young participants performed the test using the optimal strategy (26/29).  In line 
with the perceptual confusion many of the adults expressed in response to the visual 
triangle completion test, approximately half of the aged participants performed the test 
using the optimal strategy (11/21) and half performed it using alternative strategies 
(10/21).  Most of the aged adults who used alternative strategies seemed to be unaware 
that they were not using the optimal strategy.  Due to the clear separation between aged 
adults who performed the test as instructed and those who did not, we reexamined the 
relationship between global motion perception and visual triangle completion test 
performance accounting for this.  In one set of analyses, we examined the effect of age on 
the relationship between global motion perception and visual triangle completion test 
accuracy in young performers who used the optimal strategy and aged performers who 
used the optimal strategy.  In another set of analyses, we examined these relationships in 
young performers who used the optimal strategy and aged performers who used 
alternative strategies.  We reasoned that the aged adults using alternative strategies may 
not have been attending to the visual motion in the test and this could have weakened the 
relationship between global motion perception and triangle completion test performance 
in this group. 
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 Regardless of whether they performed the visual triangle completion test using 
the optimal or alternative strategies, aged adults performed significantly worse than 
young adults (optimal young vs. optimal aged overall error, t(35)=3.04, p=0.0045; 
optimal young vs. alternative aged overall error, t(34)=3.06, p=0.0043).  Aged performers 
using the optimal strategy had significantly greater unsigned turn error (t(35)=2.46, 
p=0.019) and signed distance error (t(35)=2.31, p=0.0269) compared to young 
performers using the optimal strategy.  Aged performers using alternative strategies had 
significantly greater signed turn error (t(34)=3.07, p=0.0042) and unsigned turn error 
(t(34)=5.13, p<0.0001) compared to young performers using the optimal strategy.  Aged 
performers using alternative strategies had greater unsigned distance error that reached 
trend level (t(9.59)=1.92, p=0.0857).  These results show that responding in a way that 
was different than was instructed did not provide an advantage for the aged group.  
Radial thresholds did not significantly differ between young and aged adults using the 
optimal strategy, nor did they differ between young adults using the optimal strategy and 
aged adults using alternative strategies, reflecting the results from the full sample.  
Similarly, translational thresholds were significantly higher in young adults using the 
optimal strategy compared to aged adults using both the optimal and alternative 
strategies, also reflecting the results from the full sample.  Overall, these results show that 
the effect of age on visual triangle completion test performance and radial and 
translational thresholds present in the full sample is reflected in these subsamples. 
 In contrast to the models built from the full sample, in adults using the optimal 
strategy, there was a significant interaction of radial threshold and age on overall error 
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(β=-25.7, t(33)=-2.66, p=0.0119) with a stronger relationship between overall error and 
radial threshold in the aged group in the expected direction (i.e. higher thresholds 
associated with greater error) compared with the young group.  In young adults using the 
optimal strategy and aged adults using alternative strategies, age was the only significant 
effect in the model.  There were no significant effects in the models including age, 
translational threshold, and their interaction in either set. 
 We repeated the analyses involving distance and turn error, as well.  In adults 
using the optimal strategy, there were significant interactions of age and radial threshold 
on both signed and unsigned distance error (signed distance error, radial threshold x age: 
β=-21.8, t(33)=-3.52, p=0.0013; unsigned distance error, radial threshold x age: β=-17.5, 
t(33)=-5.77, p<0.0001), with a stronger relationship between radial threshold and both 
types of error in the aged group in the expected direction (i.e. higher thresholds 
associated with larger error).  In the distance error models built with data from young 
adults who used the optimal strategy and aged adults who used alternative strategies, only 
the reported significant age effect on unsigned distance error was present.  In terms of the 
turn error models, there were no significant effects present in these models using data 
from young and aged adults who used the optimal strategy.  In young adults who used the 
optimal strategy and aged adults who used alternative strategies, only the reported 
significant effects of age were present in the signed and unsigned turn error models.  
Table 3.4 shows the FDR-corrected p values for the set of models using data from young 
and aged adults who used the optimal strategy.  Table 3.5 shows the FDR-corrected p 
values for the set of models using data from the young adults who used the optimal 
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strategy and aged adults who used alternative strategies.  Lastly, Table 3.6 shows the 
Pearson’s r values for the correlations between radial threshold and overall error, signed 
distance error, and unsigned distance error in the young and aged adults who used the 















Overall Error 0.535 (translational) 0.201 0.535 
Overall Error 0.0445 (radial) * 0.00225 ** 0.0179 * 
Signed Turn Error 0.73 (translational) 0.73 0.73 
Unsigned Turn Error 0.459 (translational) 0.459 0.554 
Signed Distance 
Error 
0.0265 (radial) * 0.00503 ** 0.0039 ** 
Unsigned Distance 
Error 
0.00001 (radial) *** 0.00014 *** 0.00001 *** 
 
Table 3.4:  Regression Models Predicting Overall Error and Signed and Unsigned 
Turn and Distance Error: Young and Aged Adults using the Optimal Strategy.  The 
FDR-corrected p values corresponding to each predictor variable are listed.  Significant 
effects of radial global motion thresholds, age and interactions between radial threshold 
and age were present in signed and unsigned distance error models.  FDR correction was 

















Overall Error 0.418 (translational) 0.245 0.418 
Overall Error 0.323 (radial) 0.0144 * 0.384 
Signed Turn Error 0.845 (translational) 0.029 * 0.358 
Unsigned Turn Error 0.542 (translational) 0.0025 ** 0.4 
Signed Distance 
Error 
0.684 (radial) 0.257 0.922 
Unsigned Distance 
Error 




Table 3.5:  Regression Models Predicting Overall Error and Signed and Unsigned 
Turn and Distance Error: Young Adults using the Optimal Strategy and Aged 
Adults using Alternative Strategies.  The FDR-corrected p values corresponding to 
each predictor variable are listed.  Only age effects on signed turn error, signed distance 
error, and unsigned distance error were present. FDR correction was carried out within 
















Overall Error -0.103 0.694* -0.303 
Signed Distance Error -0.212 0.758** -0.106 
Unsigned Distance 
Error 
-0.0916 0.909** -0.0947 
 
Table 3.6:  Pearson’s r Values Describing the Relationship between Radial 
Thresholds and Overall Error, Unsigned Distance Error, and Signed Distance Error 
in Young and Aged Adults using the Optimal Strategy and Aged Adults using 
Alternative Strategies.  Significant interactions were present between radial global 
motion thresholds and age in overall error, signed distance error, and unsigned distance 
error models in young and aged adults using the optimal strategy, but not in young adults 
using the optimal strategy and aged adults using alternative strategies (Tables 3.4 and 
3.5).  Reflecting this, positive correlations were present between radial global motion 
thresholds and overall error, signed distance error, and unsigned distance error in the 
group of aged adults who used the optimal strategy but were not present in the other two 
groups. *p<0.05, **p<0.01 
 
Discussion 
 Overall, these results are in line with the literature showing that aged adults 
perform less accurately on visual path integration tests and have worse contrast 
sensitivity, acuity, and visuospatial reasoning compared to young adults.  In terms of the 
relationship between visual and visuospatial factors and visual path integration accuracy, 
there was an age-independent relationship between Matrix Reasoning score and visual 
triangle completion test performance, providing support for a role of visuospatial 
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reasoning skills in visual path integration accuracy across the lifespan.  A significant 
interaction between radial global motion threshold and age on unsigned distance error on 
the triangle completion test led us to investigate these relationships in greater detail.  
Because approximately half of the aged participants performed the visual triangle 
completion test as instructed, responding with a single turn and forward motion, and 
approximately half did not, we evaluated the effect of age on the relationship between 
radial global motion threshold and visual triangle completion test performance in aged 
adults who used the optimal strategy and aged adults who used alternative strategies 
separately.  We anticipated that the relationship between radial threshold and path 
integration performance would be stronger in the aged adults who used the optimal 
strategy because perhaps those that used alternative strategies were not translating the 
visual motion they experienced into a mental representation of a triangle.  When we did 
this, we found significant interactions of age and radial motion threshold on overall error, 
signed distance error, and unsigned distance error with stronger positive relationships 
between radial thresholds and these error measures in the aged performers using the 
optimal strategy compared to young performers using the optimal strategy.  These 
interactions and relationships were not present when examined in the aged adults who 
used alternative strategies and young adults who used the optimal strategy.  Taken 
together, these results support our hypothesis that global motion thresholds are more 
closely related to visual path integration performance in aged compared to young adults. 
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Effect of Age on Visual, Visuospatial, and Visual Path Integration Measures 
As expected, the aged group performed worse than the young group on the visual 
triangle completion test.  This was the case regardless of whether aged participants used 
the optimal strategy or alternative strategies.  In line with these findings, most of the aged 
participants reported significant difficulty with the visual triangle completion test and 
several reported that the test did not make sense to them despite finding the real-world 
example of the test to be straightforward.  These findings align with the literature 
showing that aged adults perform worse on visual triangle completion tests (Adamo et al., 
2012; Mahmood et al., 2009) and other types of path integration tests (Allen, et al., 2004; 
Harris and Wolbers, 2012; Stangl et al., 2018a; Xie et al., 2017) compared to young 
adults. 
Similar to the triangle completion test, the aged group had lower Matrix 
Reasoning scores, contrast sensitivity, and acuity compared to the young group.  Worse 
performance on matrix reasoning tests, which measure abstract visuospatial reasoning, in 
aged adults has been frequently reported in the literature (Ardila, 2007; Bugg et al., 2006; 
Ryan et al., 2000; Salthouse, 1993).  Matrix reasoning is a non-verbal test of fluid 
intelligence, which is vulnerable to aging.  Visual system decline, as measured by 
contrast sensitivity and corrected visual acuity, with age is also well-documented (see 
Schieber, 2006 for review) and our results align with this literature.  AULCSF and acuity 
each predicted Matrix Reasoning scores, but not independently of age suggesting that the 
relationships between these visual variables and visuospatial reasoning are due to the 
shared effect of age on these variables in this sample. 
	
	 68 
Radial global motion thresholds did not differ between the young and aged adults 
in this study, but surprisingly, translational global motion thresholds were higher in 
young adults.  The literature shows mixed findings related to the effect of age on radial 
global motion sensitivity – some studies show no age-related differences (Atchley and 
Andersen, 1998; Billino et al., 2008).  Some have shown that aged adults have lower 
global radial motion sensitivity when asked to determine whether the focus of expansion 
of inward/outward radial flow is to the left or to the right of the midline, and others have 
shown that aged adults have less sensitive heading discrimination using optic flow than 
young adults (Mapstone et al., 2003, 2008; Warren et al., 1989).  Our results are in line 
with the literature showing that there is no effect of age on radial global motion 
sensitivity.  In contrast to radial sensitivity, young adults’ translational global motion 
thresholds suggested that they were less sensitive to translational global motion compared 
to the aged adults.  In fact, 9 young participants had a translational motion threshold of 
0.8 and above, meaning they required 80% or more of the dots to be moving coherently 
to reliably determine the direction in which most of the dots were moving.  In contrast, 
only 2 aged participants had a translational motion threshold between 0.8 and 0.9.  When 
these participants were removed from the analysis, the young group still had higher 
global translational thresholds than the aged group (p=0.0169).  This finding is surprising 
because several studies have found selectively weaker translational global motion 
sensitivity in aged adults (Atchley and Andersen, 1998; Billino et al., 2008; Snowden and 
Kavanagh, 2006; see Hutchinson et al., 2012 for review), though others have not 
(Mapstone et al., 2003; Kavcic et al., 2011), and this weaker sensitivity found in aged 
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adults may depend on speed (Snowden and Kavanagh, 2006).  Though our finding of 
elevated translational thresholds in young adults lies in contrast to these studies, there is 
evidence of increased sensitivity to translational global motion in aged adults relative to 
young adults when the stimulus area is small (Hutchinson et al., 2011; Hutchinson et al., 
2014), although our stimuli were larger than those for which this effect has been reported.  
Overall, the literature on the effect of age on radial and translational global motion 
sensitivity is mixed, but our finding of decreased translational global motion sensitivity in 
young adults in the present study was surprising.  Regardless, the lack of an age-related 
effect on radial global motion sensitivity aligns with the findings of a handful of studies. 
Regression Models of Visual Path Integration Performance 
 Matrix Reasoning score was the only age-independent predictor of overall error 
on the triangle completion test in the full sample.  Better visuospatial reasoning skills 
were associated with higher visual path integration accuracy in young and aged adults.  
This finding is somewhat aligned with the results reported by Allen and colleagues 
(2004) showing that working memory and processing speed accounted for much of the 
age-related variance in distance error on their vestibular triangle completion test.  
Because the mean signed distance errors for their test were negative for both young and 
aged participants on most paths and were of greater magnitude for aged participants, 
presumably those with lower working memory capacity and slower processing speed had 
greater distance error.  This aligns with our relationship between visuospatial ability and 
visual path integration accuracy.  Taken together, these results support a relationship 
between cognitive resources and path integration across different modalities, although 
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neither the present study nor Allen and colleagues’ study collected comprehensive 
neuropsychological data from participants.  Thus, it is not clear whether there is a general 
relationship between fluid intelligence measures and path integration accuracy or whether 
there are more specific relationships between certain cognitive domains and path 
integration accuracy using different sets of self-motion cues. 
Expanding our view beyond path integration, others have shown relationships 
between spatial navigation skills and capacity in certain cognitive domains.  Cutmore and 
colleagues (2000) showed that young individuals with better visuospatial ability 
measured with the WAIS-R block design test form more accurate survey representations 
of virtual environments experienced only through vision.  Sanders and colleagues (2008) 
showed that in healthy aged adults, better executive function/attention was associated 
with better performance on route recall and floor maze tests, whereas verbal ability was 
not associated with performance on these tests.  Moffat and colleagues (2001) found that 
better performance on a navigation test using only visual information in a virtual 
environment was associated with better visual memory, verbal memory, and spatial 
rotation ability but not with vocabulary, verbal reasoning, or attention.  These 
relationships were independent of age.  The results from these studies and others 
demonstrate relationships between multiple cognitive domains, including but not limited 
to visuospatial ability, and spatial navigation ability.  It is clear that variance in spatial 
navigation ability and ability in other cognitive domains is shared to an extent, but it is 




 In addition to the relationship between visuospatial reasoning and visual path 
integration error, relationships between radial global motion thresholds and visual path 
integration error that were moderated by age were found.  In the full sample, a significant 
interaction between radial global motion thresholds and age on unsigned distance error 
was present with a stronger, positive relationship found between radial threshold and 
unsigned distance error in the aged group relative to the young group.  Approximately 
half of the aged participants performed the triangle completion test using the optimal 
strategy in that they responded with a single turn and forward motion, whereas half 
performed the test used alternative strategies in that they responded with some other 
combination of turns and linear motion.  We examined these groups separately because it 
is likely that those who used the optimal strategy were attending to the visual motion 
presented in the task and using it to form a mental representation of a triangle.  Those that 
used alternative strategies may have been attempting to use some other approach or may 
have been paying less attention to the visual motion.  As one would expect to see in 
individuals paying attention to and using primarily visual motion to perform the test, 
amongst adults using the optimal strategy there were significant effects of radial 
threshold on overall error, signed distance error, and unsigned distance error as well as 
significant interactions between radial threshold and age on all three errors.  Stronger, 
positive relationships between radial thresholds and each error were present in the aged 
group meaning that aged adults with lower radial motion sensitivity had larger errors on 
the visual triangle completion test.  These relationships support the idea that radial global 
motion perception plays a larger role in visual path integration accuracy in aged adults 
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compared to young adults and are in line with studies supporting a relationship between 
sensation/perception in spatial navigation and spatial orienting in aging and age-related 
disease (Kavcic et al., 2006; O’Brien et al., 2001; Ramkhalawansingh et al., 2018; Stangl 
et al., 2018a).  In contrast, no relationship between translational global motion thresholds 
and visual path integration errors were found.  It is possible that this could be related to 
the attention devoted to the translational motion in each turn (perhaps participants 
devoted less attention to the translational motion after initially determining whether they 
were making a right or a left turn).  It is also possible that participants fixated on a point 
in the surroundings and followed it during turns, as well.  We were not able to investigate 
these possibilities in this experiment. 
 These results can be placed into context within two areas of research involving 
the relationship between sensory and cognitive functioning in aged adults.  The first area 
of research explores shared variance between sensory/sensorimotor function and 
cognitive performance.  This research shows that there tends to be an increase in shared 
variance among these factors in older adults compared to younger adults and argues in 
favor of a “common cause” hypothesis of aging.  The common cause hypothesis states 
that a third, age-related factor is responsible for the increase in shared variance among 
sensory and cognitive factors in the aged population (Baltes and Lindenberger, 1997; 
Christensen et al., 2001; Lindenberger and Baltes, 1994; Salthouse et al., 1996).  
Specifically, Baltes and Lindenberger (1997) found that the shared variance between 
sensory and cognitive factors was significantly greater in their aged sample compared to 
their younger adult sample.  We similarly found that age moderated the relationship 
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between radial global motion thresholds and visual path integration error with greater 
variance shared in the aged adults compared to the young adults.  In contrast to other 
work, the relationship between sensory and cognitive factors we found is quite specific – 
we did not find this relationship between basic measures of visual function (acuity and 
contrast sensitivity) and error nor did we find it between translational motion thresholds 
and error.  Thus, although it is possible that a common factor is responsible for the 
relationship between radial thresholds and error, more work is needed to explore this 
relationship in greater detail.  It is important to note that this relationship likely has 
another moderating factor (perhaps strategy or attention) because it was not found in the 
aged group that used alternative strategies, and this should be taken into account in 
designing future studies.  Lastly, and importantly, although there was a relationship 
between radial thresholds and error in the aged group, error was significantly greater in 
the aged group compared to the young group whereas radial threshold was not.  This 
argues against a common cause hypothesis as the sole explanation for this finding 
because if this were the case, similar effects of age on error and radial threshold would be 
expected. 
 The second area of research that can be used to contextualize these results is 
research exploring the “effortfulness hypothesis”.  This research somewhat overlaps with 
the common cause hypothesis because several studies, including this one, are not able to 
concretely differentiate between the two.  The effortfulness hypothesis states that aged 
individuals experience a greater cost in overcoming sensory or perceptual challenges as a 
result of having more limited cognitive resources.  In other words, age is associated with 
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decreased available cognitive resources to allocate toward a task and if a greater amount 
of those resources is devoted to overcoming sensory or perceptual challenge, the 
remaining portion available for higher-level aspects of the task is even further limited.  
Our results linking radial thresholds and error in the aged performers who used the 
optimal strategy support this idea.  If we assume that aged adults have more limited 
processing resources, then it makes sense that those with higher radial global motion 
thresholds would have larger errors because more of those limited resources would be 
devoted to overcoming lower sensitivity to radial motion.  Additionally, the fact that 
visuospatial reasoning ability was inversely associated with visual path integration ability 
independently of age and significantly worse in aged adults supports an effortfulness 
account.  The effortfulness hypothesis has been investigated in the realms of audition, 
verbal memory, and sentence comprehension (DeCaro et al., 2016; McCoy et al., 2005; 
Murphy et al., 2000; Ward et al., 2016) as well as visual noise and reading 
comprehension (Gao et al., 2012).  The investigation of this idea in the realm of spatial 
navigation in normal aging and young adults is novel and deserves more exploration. 
Limitations 
 Some limitations should be kept in mind in interpreting and evaluating these 
results.  The first is that acuity measures were extrapolated from each participant’s 
contrast sensitivity function due to the resolution limit of the experimental set up.  While 
the relationship between corrected visual acuity and visual path integration appears to be 
due to their shared relationship with age, future work should not wholly discount 
corrected visual acuity as a factor that may play a more specific role in visual path 
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integration accuracy in aged adults.  It is possible that noise in our acuity measures, due 
to our lack of ability to directly compute it, could have masked a relationship between 
acuity and performance in the aged group. 
A second limitation is that we only measured radial and translational thresholds at 
a single dot speed and this speed did not necessarily align with the optic flow speed 
experienced during the visual triangle completion test.  There is evidence for differential 
age effects on global motion thresholds measured at different speeds, specifically that 
aged adults are less sensitive to global translational motion at slower speeds (Snowden 
and Kavanagh, 2006).  It is possible that a stronger relationship might have been found 
between visual path integration performance and motion thresholds if optic flow speed 
during each path integration task and dot speed were more closely matched.  Future work 
should investigate these relationships in greater detail. 
A related limitation is the potential confounding effect of attention to visual 
motion during the triangle completion test and use of alternative strategies.  In this 
experiment, we attempted to balance promoting the use of visual motion to complete the 
task and the realistic nature of the task.  The mountains in the background of the virtual 
environment in which the visual triangle completion test took place helped create a more 
realistic sense of space and provided additional optic flow cues during turns than if only 
optic flow cues from the ground were present.  While the mountains did not provide true 
landmarks to aid in performance of the task, some participants spontaneously reported 
after completion of the task that they were using them this way.  This may have caused 
some participants to pay less attention to the translational motion experienced during 
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turns and more attention to what they were facing.  A more detailed investigation of 
strategies used on the test and perhaps modifications that direct attention toward the optic 
flow experienced could improve the experiment. 
A fourth limitation is the inability to investigate the effortfulness hypothesis to its 
fullest extent in this experiment.  Now that we have provided support for this idea in the 
realm of spatial navigation ability, this should be investigated in greater detail.  Future 
work should collect a more comprehensive cognitive battery to better understand the 
higher order cognitive domains that are associated with visual path integration accuracy 
and whether these relationships are moderated by age or independent of age.  This would 
also provide a more comprehensive view of cognitive capacity or resources to which each 
individual has access to use during the visual triangle completion test.  Another way to 
investigate this further would be to titrate the amount of optic flow available to perform 
the visual triangle completion test and evaluate the magnitude of the effect on accuracy in 
young and aged adults.  Lastly, despite strong relationships found in the aged performers 
who used the optimal strategy, the sample of aged adults in this experiment was small, 
particularly after the group was split into those who used the optimal strategy and those 
who used alternative strategies.  The small sample size is a limitation, especially in the 
context of our correlational analyses.  These ideas should be explored further in larger 
samples to perform analyses with higher power. 
Conclusion 
The analyses in this chapter confirm the effects of age on visual path integration, 
contrast sensitivity, corrected visual acuity, and visuospatial reasoning reported in the 
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literature.  Our results provide support for a shared effect of age on contrast sensitivity, 
acuity, and visual path integration accuracy.  They also provide support for an age-
independent relationship between visuospatial reasoning ability and visual path 
integration accuracy, although it is unclear whether this is specific to visuospatial 
reasoning or a more general reflection of cognitive capacity.  When triangle completion 
test overall error was broken down into turn and distance components, we found a 
significant radial threshold x age interaction effect on unsigned distance error.  Higher 
radial global motion thresholds were associated with a larger unsigned distance error 
across all triangles in the aged group, but not in the young group.  This effect was even 
stronger and was also found for signed distance error and overall error when only 
considering those who performed the visual triangle completion test using the optimal 
strategy.  These findings provide support for a role of sensory and perceptual factors in 
explaining variation in spatial navigation ability among healthy aged adults and expand 
upon work examining these questions in individuals with AD.  In the context of the lack 
of an effect of age on radial global thresholds, the effect of age on visuospatial reasoning 
ability, and the age-independent inverse relationship between visuospatial reasoning 
ability and visual path integration error, these results provide support for the effortfulness 
hypothesis.  However, future work should investigate the relevance of this hypothesis to 
path integration more directly and in greater detail. 
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CHAPTER FOUR: ACTIVITY STRENGTH IN OPTIC FLOW-SENSITIVE 
CORTICAL REGIONS DURING A VISUAL PATH INTEGRATION TASK 
PREDICTS PERFORMANCE IN AGED ADULTS 
Introduction 
As we move through our environment, we experience characteristic global motion 
patterns on our retina that provide information about the direction and speed of our self-
motion (Figure 1.2).  Moving forward in a stable environment with one’s head and eyes 
facing forward, a coherent radial motion pattern is experienced, which is called optic 
flow (Warren, 2004).  Studies in humans using fMRI have identified many cortical areas 
that respond more strongly to optic flow than to other types of motion patterns (Antal et 
al., 2008; Braddick et al., 2001; Cardin and Smith, 2009; Pitzalis et al., 2013).  Many of 
these OF-sensitive regions are potentially homologous to regions initially identified 
electrophysiologically in non-human primates (Cottereau et al., 2017; Orban et al., 2003, 
see DeAngelis and Angelaki, 2012 for review).  Several of these regions have also been 
shown to contain neurons tuned to the direction of self-motion (i.e. heading direction) 
based on optic flow alone (DeAngelis and Angelaki, 2012).  The preferential response to 
optic flow in these cortical areas implicates them as playing a role in self-motion 
perception, and ongoing research is aimed at identifying which of these regions play 
significant roles in self-motion perception (see DeAngelis and Angelaki, 2012, Greenlee 
et al., 2016, and Smith et al., 2017a for review). 
Studies of OF-sensitive regions have identified a set of characteristics that can be 
used to determine the degree to which a region is likely associated with self-motion and 
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heading perception.  According to these criteria, regions containing neurons that (1) are 
sensitive to and/or selective for radial motion, (2) show tuning for heading direction, (3) 
exhibit compensation for eye movements in their heading tuning, and (4) show congruent 
responses to visual and vestibular self-motion cues all implicate a region as being 
involved in self-motion and heading perception.  Two regions in the macaque brain that 
satisfy these criteria are the medial superior temporal (MST) area (specifically dorsal 
MST) and the ventral intraparietal (VIP) area (DeAngelis and Angelaki, 2012; Greenlee 
et al., 2016).  Regions potentially homologous to MST and VIP have been identified in 
humans using fMRI, as well (Bremmer et al., 2001; Dukelow et al., 2001; Sereno and 
Huang, 2006; Smith et al., 2006; Wall and Smith, 2008), and these particular regions or 
others in their vicinity have been shown to be sensitive to heading direction based on 
visual motion information in humans using fMRI (Cardin et al., 2012; Furlan et al., 2013; 
Peuskens et al., 2001; Wutte et al., 2011).  Though there is strong evidence implicating 
MST and VIP in self-motion perception, they nevertheless function in the context of an 
OF-sensitive network, the other members of which (such as V6 or PIVC) may be 
important to their function and self-motion perception, as well (Cottereau et al., 2017; 
Smith et al., 2017a, 2017b). 
Understanding whether and how strongly OF-sensitive regions are involved in 
self-motion perception is important in its own right, but it is also important to 
understanding factors that explain variation in spatial navigation abilities.  Optic flow 
perception contributes to our ability to form representations of our environment and our 
movement within it (Cutmore et al., 2000; Kearns et al., 2002; Kirschen et al., 2000; Tan 
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et al., 2003, 2006; Tcheang et al., 2011).  Supporting this, alterations in aspects of optic 
flow perception have been associated with spatial navigation deficits that are common in 
AD (Kavcic et al., 2006; Mapstone et al., 2008; O’Brien et al., 2001; Tetewsky and 
Duffy, 1999).  Optic flow perception has been hypothesized to be one factor that may 
underlie weakened spatial navigation abilities, particularly path integration, in normal 
aging, as well (Lester et al., 2017; Wolbers and Hegarty, 2010).  This is in part due to 
studies that have demonstrated that aging is associated with less accurate heading 
estimations based on optic flow (Warren et al., 1989) and in part due to the link between 
optic flow perception and navigation in AD.  However, there is a paucity of fMRI studies 
that focus on these questions, particularly in the context of aging. 
As discussed in Chapter 1, the handful of studies that have used fMRI to 
investigate the effects of aging on the neural systems supporting spatial navigation have 
focused less on real-time spatial orienting and more on spatial memory and the formation 
of spatial representations (Antonova et al., 2009; Meulenbroek et al., 2004; Moffat et al., 
2006b; Konishi et al., 2013; Schuck et al., 2015; Stangl et al., 2018b).  Presumably, 
sensory and perceptual processes important to self-motion perception and real-time 
spatial orienting would be relevant and important to the formation, retrieval, and use of 
spatial representations.  Yet, fMRI studies of aging and spatial navigation that focus on 
sensory processes are lacking despite (1) evidence for a connection between optic flow 
perception and spatial navigation and (2) the ability to identify and measure signal from 
cortical regions sensitive to optic flow and implicated in self-motion perception.  The 
experiments in this chapter were designed to address this gap in the literature.  We set out 
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to test the hypothesis that activity strength in OF-sensitive cortical regions is associated 
with performance on spatial orienting tasks due to the putative role of these regions in 
self-motion perception and examined whether age is a moderator of this relationship. 
 To test this hypothesis, we designed a VPI fMRI task that highlights the use of 
visual self-motion information to track one’s position relative to a goal location, which in 
this case was always the start of each path (Figure 2.2).  In designing this task, our goal 
was to emphasize the use of optic flow to compute one’s trajectory in real time rather 
than emphasize learning the location of objects or landmarks within an environment or its 
layout.  To perform the task at 100% accuracy, participants were required to track their 
forward motion (during which radial optic flow was experienced) in addition to the 
direction of each turn taken on the path; exclusively noting the direction of turns taken on 
each path was not sufficient to perform the task correctly.  We also designed a TC fMRI 
task, which contains similar visual self-motion information to the VPI task, but does not 
require that participants use it to track their position.  In this task, only counting the 
number of turns, regardless of the direction of the turns, was sufficient to perform at 
100% accuracy.  Participants performed these tasks in the MRI scanner while we 
measured their brain activity and performance accuracy.  Despite the unrealistic setting of 
the MRI scanner, these tasks have strong ecological foundations because the stimuli were 
filmed in a real neighborhood at normal walking speed; they are similar to what 
participants might experience on a day-to-day basis when out for a walk.  Because our 
goal was to test whether OF-sensitive cortical regions are involved in performance on 
spatial orienting tasks requiring the use of visual self-motion information, we used an 
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optic flow localizer to identify the location of OF-sensitive regions that responded more 
strongly to coherent radial motion patterns than scrambled motion patterns at the group 
level in our sample.  We verified that these OF-sensitive regions responded to the visual 
motion present in our tasks and then assessed the relationship between the activity 
strength in these regions during the VPI task and VPI task performance in a focused 
subset of regions. 
Methods 
Overview 
 The structure and administration of the fMRI paradigms used in analyses in this 
chapter are described in detail in Chapter 2 (Figure 2.2).  Briefly, 51 young and aged 
participants viewed 2 runs of the VPI task, 2 runs of the TC task, and 2 runs of an optic 
flow localizer in the MRI scanner while images with BOLD contrast were acquired.  Data 
collected during the optic flow localizer were used to define OF-sensitive ROIs that 
responded more strongly while participants viewed coherent radial motion than when 
they viewed scrambled motion.  A subset of these regions that has been reported to 
respond more strongly to egomotion-compatible stimuli was identified (Cardin and 
Smith, 2009).  Activity was measured in these OF-sensitive regions during the VPI task, 
in which participants had to use visual motion to keep track of their location and 
orientation, and during the TC task, which did not have navigational demands.  Both 
tasks contained visual motion compatible with self-motion through a real-world 
environment.  OF-sensitive regions whose activity strength during VPI had a relationship 
with radial global motion thresholds measured outside of the MRI scanner were identified 
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and all remaining analyses were focused on these areas.  We first examined whether there 
was an effect of age on activity in these regions during the VPI and TC tasks.  We then 
examined whether there was a relationship between activity in each of these OF-sensitive 
regions during the VPI task and performance on the VPI task and whether age moderated 
this relationship.  For significant relationships, we examined whether the same 
relationship was present for activity in those regions during the TC task.  Lastly, we 
explored the ability of a multiple regression model using activity in more than one OF-
sensitive region during VPI to predict VPI performance.  All statistics were performed in 
JMP Pro v13. 
Effect of Age on VPI and TC Task Performance 
Age was treated as a binary variable in all analyses.  Wilcoxon tests were used to 
compare VPI accuracy, TC accuracy, and all self-report measures related to the VPI and 
TC tasks between groups either because the data were skewed or the variables were 
ordinal in nature.  Neighborhood familiarity was coded as a binary variable (i.e. yes, 
familiar / no, not familiar) and a contingency test was used to determine (1) whether this 
measure differed between groups and (2) whether the fraction of participants who 
reported that this familiarity did not help them differed between groups.  Most 
participants in both groups endorsed using an “updating” strategy in the VPI task in 
which they described keeping the starting location in mind and updating it throughout 
each trial and particularly during the turns experienced in each path.  A contingency test 
was used to determine whether the number of participants that endorsed this strategy 




All data were exported from the MRI scanner in FSL-NIfTI format and visually 
inspected prior to use.  FMRI data were processed in FSL (FMRIB Software Library) 
v5.0.11 (Jenkinson et al., 2012) using the FMRI Expert Analysis Tool (FEAT) v6.00. 
Preprocessing 
Motion correction with MCFLIRT, B0 unwarping, spatial smoothing with a 
FWHM of 6mm, and highpass temporal filtering with a cutoff of 90s were carried out.  
To clean the data, a single-session independent components analysis (ICA) was run on 
each optic flow localizer run, VPI run, and TC run.  Components were classified by hand 
as noise or signal according to their spatial pattern, timecourse, and frequency spectrum, 
and noise components were regressed out of the data (Salimi-Khorshidi et al., 2014).  
FMRI data were linearly registered to each participant’s T1W image using boundary-
based registration (Greve and Fischl, 2009; Jenkinson et al., 2002; Jenkinson and Smith, 
2001), and each participant’s T1W image was nonlinearly registered to the MNI152 2mm 
atlas using 12 degrees of freedom and a 2mm warp resolution (Andersson et al., 2007).  
FSL combines these transformations into a single step to transform fMRI data into 
MNI152 space.  All image registrations were visually inspected to ensure accuracy. 
Defining OF-Sensitive ROIs 
Many cortical regions have been reported to be responsive to motion, specifically 
coherent motion, and have different degrees of selectivity for different types of motion 
(for examples see Braddick et al., 2001; Cardin and Smith, 2009; Pitzalis et al., 2013; 
Wall and Smith, 2008).  In an effort to focus our analyses, we identified OF-sensitive 
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regions for our analyses using two criteria (see Figure 4.1 for a schematic).  First, we 
defined a set of regions that responded more strongly to coherent radial dot motion (i.e. 
global motion patterns) relative to scrambled dot motion (i.e. local motion patterns) at the 
group level.  To do this, the preprocessed data collected during the optic flow localizer 
from 50/51 young and aged participants were prewhitened.  The optic flow localizer was 
not shown to one aged participant who reported experiencing some motion sickness after 
the VPI and TC runs.  To determine where brain activity was increased during coherent 
dot motion compared to scrambled dot motion, a double-gamma HRF convolution was 
applied to the stimulus waveform representing coherent dot motion.  Fixed-effects 
analyses were used for within-subject higher-level analyses.  To create a group map 
showing where brain activity was significantly increased during coherent motion relative 
to scrambled motion at the group level, FSL’s FLAME 1+2 was used with a Z threshold 
of 3.1 and a FWER-corrected cluster p threshold of 0.05.  Coordinates corresponding to 
peaks of activity within this group map were identified by hand. 
Second, we selected a subset of these regions based on their proximity to regions 
sensitive to “egomotion-compatible” stimuli reported by Cardin and Smith (2009) (see 
Chapter 1 for these regions).  In this paper, the authors investigated response selectivity 
of several cortical visual motion areas to egomotion-compatible stimuli, or stimuli 
containing motion compatible with the observer’s movement.  They identified several 
areas that were sensitive to egomotion using two conditions of a dot-field task.  The 
egomotion-compatible condition contained coherent radial dot motion originating from a 
single, central focus of expansion, similar to our optic flow localizer.  The egomotion-
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incompatible condition contained the same forms of coherent radial dot motion arranged 
in nine patches, which created an array of nine foci of expansion.  A comparison of where 
brain activity was greater during egomotion-compatible compared to egomotion-
incompatible stimuli allowed the authors to identify cortical areas that were sensitive to 
egomotion-compatible stimuli.  We reasoned that regions that respond more strongly to 
egomotion-compatible stimuli would be most relevant to our analyses due to our focus on 
using visual self-motion cues to path integrate.  To identify the regions identified by our 
optic flow localizer that corresponded to the egomotion-sensitive regions reported in 
Cardin and Smith (2009), we measured the Euclidean distance between the center 
coordinates of Cardin and Smith’s regions and the center coordinates of our OF-sensitive 
regions (Figure 4.1).  OF-sensitive regions whose center coordinates were within 14 mm 
of any of Cardin and Smith’s egomotion-compatible regions were selected for further 
analysis and named according to the region to which they were closest.  The accuracy of 
this process was assessed by viewing each region on the MNI152 2mm atlas after naming 
to ensure regions were located in an appropriate anatomical area.  This process resulted in 
our definition of the following 11 OF-sensitive regions: left and right CSv (LCSv and 
RCSv), left and right MT+ (LMT+ and RMT+), left and right PIVC (LPIVC and 
RPIVC), left and right pV6 (LpV6 and RpV6), left and right pVIP (LpVIP and RpVIP), 
and right Pc (RPc) (Cardin and Smith, 2009; Wall and Smith, 2008).  The center 
coordinates of these regions are listed in Table 4.1, and the regions are displayed on a 
cortical surface in Figure 4.2. 
OF-Sensitive Region MNI152 Coordinates (mm) 
LCSv -12, -20, 42 
	
	 87 
RCSv 12, -22, 44 
LMT+ -38, -64, 2 
RMT+ 44, -54, 2 
LPIVC -40, -34, 20 
RPIVC 40, -30, 20 
RPc 14, -42, 56 
LpV6 -12, -78, 34 
RpV6 20, -74, 36 
LpVIP -22, -62, 62 
RpVIP 22, -60, 62 
 
Table 4.1: Optic Flow-Sensitive Regions.  These 11 OF-sensitive regions were defined 
at the group level according to their activation strength during coherent motion relative to 
scrambled motion presented in the optic flow localizer and their proximity to the 
egomotion-sensitive regions reported in Cardin and Smith (2009).  The central 
coordinates of these regions, which are binary spheres with 5 mm radii, are listed in 
MNI152 space. 
 
Defining Control ROIs 
Primary auditory cortex ROIs in the left and right hemisphere were defined as 
negative control regions.  We reasoned that activity in primary auditory cortex should not 
be relevant to our tasks or global visual motion perception.  To define these ROIs, we 
used the Harvard-Oxford Cortical Structural Atlas included in FSLview to select the 
center coordinates of these regions in the left and right hemisphere, abbreviated as LAud 
and RAud, respectively.  Specifically, these coordinates were located in left and right 
Heschl’s gyri (MNI152 coordinates: LAud: (-44, -20, 10), RAud: (42, -20, 10)).  Binary 
spheres with a radius of 5 mm were centered at these coordinates.  These regions are 
shown in green in Figure 4.2. 
We also defined V1 ROIs in the left and right hemisphere as control regions.  V1 
responds more to local motion than global motion (Braddick et al., 2001) and is therefore 
an area that has not been strongly implicated in self-motion perception, which relies on 
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accurate perception of global motion patterns.  However, because V1 relays visual 
motion information to higher-level global motion areas, we created these control regions 
to assess whether (1) global radial motion thresholds were associated with V1 activity 
during VPI similarly to our global motion areas and (2) whether VPI performance was 
associated with activity strength in V1 during VPI.  We carried out these analyses to 
assess whether our findings were at all associated with local motion processing or 
whether they were specific to global motion processing.  In contrast to our primary 
auditory cortex ROIs, we anticipated that our task would evoke strong V1 activity, and it 
did.  To define our V1 ROIs, we extracted the thresholded V1 ROIs (Fischl et al., 2007) 
from FreeSurfer v6.0 (http://surfer.nmr.mgh.harvard.edu/) in MNI152 2mm space.  We 
then overlaid these ROIs on a group-level map of significant brain activity during VPI 
relative to rest.  Coordinates in the left and right hemisphere where peak activity during 
VPI overlapped well with the V1 FreeSurfer ROIs were selected by hand in the left and 
right hemisphere (MNI152 coordinates: LV1: (-6, -82, 2), RV1: (12, -84, 2)).  Spheres 
with a radius of 5 mm were centered at these coordinates.  These regions are shown in 
blue in Figure 4.2. 
Measuring Brain Activity in ROIs during the VPI and TC Tasks 
A detailed description of the VPI and TC tasks is presented in Chapter 2 and the 
structure of each paradigm is shown in Figure 2.2.  To measure brain activity during VPI 
and TC, the pre-processed data from each task were prewhitened and a double-gamma 
HRF convolution was applied to the stimulus waveform representing the VPI or TC 
periods in each run.  The regressors for VPI and TC did not include the 10-second 
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response period.  The response period was grouped with the fixation cross period, and 
thus, only the active VPI and TC periods were modeled.  Fixed-effects analyses were 
used for within-subject higher-level analyses to create maps representing where brain 
activity was increased during VPI or TC relative to baseline (white fixation cross on 
black background) within each participant.  The average parameter estimate within each 
OF-sensitive region was extracted and used as a measure of the average change in brain 
activity during VPI or TC relative to baseline within each OF-sensitive region in each 
participant.  The average parameter estimate within LAud, RAud, LV1, and RV1 was 
extracted and used as a measure of the average change in brain activity relative to 
baseline during VPI or TC within each of these regions in each participant. 
To evaluate whether OF-sensitive regions were responding to motion in the VPI 
and TC tasks, we measured whether the average response within each OF-sensitive 
region was greater than zero during the VPI and TC tasks.  One-tailed t-tests were 
performed to assess this.  We anticipated that activity in LV1 and RV1 would be greater 
than zero during our tasks and tested this with one-tailed t-tests, as well.  For comparison, 
we tested whether the average response within LAud and RAud differed from zero during 
the VPI and TC tasks using one-tailed t-tests. 
Assessing the Effects of Age and Performance on OF-Sensitive Region Activity 
 To further focus our analyses on a subset of the 11 OF-sensitive regions defined, 
we performed linear correlations to determine whether global radial motion thresholds 
were related to the activity within any OF-sensitive regions during VPI.  We assessed 
relationships with global radial motion thresholds because the VPI periods mostly 
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contained radial motion (translational motion was only briefly experienced during turns) 
and radial motion is characteristic of forward self-motion.  Activity within four OF-
sensitive regions during VPI showed significant inverse relationships with radial global 
motion thresholds: RCSv (r(48)=-0.303, p=0.0307), RMT+ (r(48)=-0.341, p=0.0144), 
LpVIP (r(48)=-0.337, p=0.0155), and RpVIP (r(48)=-0.31, p=0.0268).  Activity within 
LMT+ during VPI showed an inverse relationship with radial global motion thresholds 
that reached trend level (r(48)=-0.257, p=0.0687).  Though this relationship reached 
trend-level significance, the significant relationship found between activity strength in 
RMT+ during VPI and radial global motion perception and MT+’s demonstrated role in 
motion perception led us to include LMT+ in our focused subset.  These relationships 
remained when controlling for age.  Inverse relationships were found between radial 
motion thresholds and activity during VPI for all 11 OF-sensitive regions; those with 
higher radial motion thresholds tended to have weaker activity in OF-sensitive regions 
during VPI.  This pattern of brain activity is fitting considering that higher global motion 
thresholds are taken to represent weaker sensitivity to global motion patterns.  No 
significant or trend-level relationships were present between radial global motion 
thresholds and activity within LAud, RAud, LV1, or RV1 during VPI.  We examined 
whether there was an effect of age on activity in RCSv, LMT+, RMT+, LpVIP, or RpVIP 
during VPI or during TC using two-tailed t-tests. 
 Next, we examined whether there was a relationship between performance on the 
VPI task and activity within OF-sensitive regions during VPI and whether age moderated 
this relationship.  Regression models in which VPI accuracy was the dependent variable 
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and activity in RCSv, LMT+, RMT+, LpVIP, or RpVIP during VPI, age, and an 
interaction term were the independent variables were constructed.  A separate model was 
constructed for each region, and we constructed models with activity measured in LAud, 
RAud, LV1, and RV1 as negative controls.  Because inverse relationships between radial 
global motion thresholds and activity in our OF-sensitive regions were found, we 
predicted positive relationships between OF-sensitive region activity strength during VPI 
and VPI accuracy.  For regions in which a significant relationship between OF-sensitive 
region activity during VPI and VPI accuracy were found, identical models were built 
using activity in those regions measured during TC to assess the specificity of the 
relationships to a task with navigational demands.  For regions in which a significant 
interaction between age and activity strength were found, linear correlations and one-
tailed tests predicting positive relationships were performed in the young and aged groups 
separately. 
Lastly, we used stepwise variable selection to create a model predicting VPI 
accuracy using activity strength within OF-sensitive regions during VPI to explore 
whether activity in a combination of regions might predict accuracy better than activity 
within individual regions.  Activity strength in RCSv, LMT+, RMT+, LpVIP, and RpVIP 
during VPI were entered into stepwise variable selection.  Stepwise variable selection 
was performed to minimize the Bayesian Information Criterion with forward selection 
and backward selection.  Variables selected for the model were tested for collinearity.  A 
second model was built using activity strength during TC within the OF-sensitive regions 
selected for the VPI model to determine whether the relationship between activity and 
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performance shown in the VPI model was also present for activity measured during the 
TC task.  Standard least squares regression models were used. 
Results 
Effect of Age on VPI and TC Task Performance 
 Table 4.2 shows the mean, standard deviation, and range for the VPI and TC task 
performance measures for the young and aged groups as well as the measures that were 
significantly different between the young and aged groups. 
Measure Young (n=29) Aged (n=22) 
VPI Accuracy  
(% Correct) 
97.0% (±5.44) (75%-100%) 80.4% (±22.8) (31.3%-
100%) * 




91.8% (±13.3) (50%-100%) 
Perceived VPI Accuracy 1.76 (±1.15) (1-6) 2.77 (±1.60) (1-7) * 
Perceived VPI 
Difficulty 
2.24 (±1.24) (1-5) 3.96 (±1.50) (2-6) * 
Effort Exerted VPI 2.69 (±1.23) (1-5) 4.36 (±1.47) (2-7) * 
Perceived TC Accuracy 1.90 (±0.860) (1-4) 2.32 (±1.59) (1-6) 
Perceived TC Difficulty 2.00 (±0.802) (1-4) 2.50 (±1.26) (1-5) 





Familiarity Not Helpful  
(% Reporting Not 
Helpful) 
76.5% 90.9% 




Table 4.2: The Effect of Age on VPI and TC Task Performance Measures.   
Measures that were significantly different between the young and the aged groups are 
noted with asterisks.  For VPI and TC accuracy, values represent the percent of trials 
performed correctly.  For perceived VPI/TC accuracy, perceived VPI/TC difficulty, and 
effort exerted on VPI/TC, values closer to 1 represent high accuracy, low difficulty, and 
minimal effort and values closer to 7 represent low accuracy, high difficulty, and large 
effort.  For familiarity and strategy measures, values represent the percent of participants 
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reporting neighborhood familiarity, reporting that familiarity was not helpful, and 
reporting an updating strategy. * p < 0.01. 
Aged participants performed significantly worse on the VPI task than young 
participants (VPI Accuracy: t(22.8)=-3.35, p=0.0028), but both groups performed equally 
well on the TC task.  Reflecting this, the aged group reported significantly lower 
accuracy, greater difficulty, and greater effort exerted on the VPI task (but not the TC 
task) relative to the young participants (Perceived VPI Accuracy: t(49)=2.63, p=0.0114; 
Perceived VPI Difficulty: t(49)=4.46, p<0.0001; Perceived VPI Effort: t(49)=4.44, 
p<0.0001).  None of these differences were due to psychoactive medications.  In the aged 
group, all but one participant got 3/4 (4/22) or 4/4 (17/22) zero-turn trials correct, which 
provides confidence that most participants understood the VPI task and were paying 
attention.  The participant that responded incorrectly to all four zero-turn trials performed 
poorly on the VPI task (43.8% correct), but performed well on the TC task (75% correct) 
suggesting that this participant was selectively disoriented when navigational demands 
were present. 
Most participants in both groups (young: 24/29, aged: 18/22) described their VPI 
strategy as one that involved keeping the starting location in mind throughout the path 
and updating it, especially with each turn.  Additional strategies included envisioning the 
path/route as if it were being traced on a map or GPS system (young: 4/29, aged: 1/22), 
keeping track of the number of left/right turns (young: 0/29, aged: 2/22), comparing 
visual cues at the start and end of the path (young: 0/29, aged: 1/22), and unclear (young: 
1/29, aged: 0/22).  The number of participants endorsing the updating strategy did not 
differ between groups.  We did not test whether the number of participants endorsing the 
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other strategies differed between groups due to the small numbers of participants 
endorsing those strategies. 
Lastly, participants were asked to report whether the neighborhoods in the VPI 
and TC tasks were familiar to them and approximately half the young and half the aged 
participants reported the neighborhoods were familiar.  The number of participants 
reporting that the neighborhoods were familiar did not differ between groups.  Of those 
that reported the neighborhoods were familiar, 76.5% of young participants and 90.9% of 
aged participants reported that this was not helpful to them while performing the task.  In 
fact, 6 young participants and 3 aged participants specifically reported the familiarity of 
the neighborhoods to be distracting in performing the VPI task.  Within the aged group, 
familiarity did not have a significant effect on VPI accuracy. 
OF-Sensitive Region Activity Strength during VPI and TC Tasks 
 Figure 4.3 shows the average activity strength within the 11 OF-sensitive regions 
defined using the optic flow localizer and as having an increased response to egomotion-
compatible stimuli according to Cardin and Smith (2009).  The average activity in all 11 
regions was significantly greater than zero during VPI and TC in the young and aged 
participants (LCSv, VPI: t(50)=5.57, p<0.0001; LCSv, TC: t(50)=5.8, p<0.0001; LMT+, 
VPI: t(50)=3.23, p=0.0011; LMT+, TC: t(50)=7.95, p<0.0001; LPIVC, VPI: t(50)=4.71, 
p<0.0001; LPIVC, TC: t(50)=4.44, p<0.0001; LpV6, VPI: t(50)=2.85, p=0.0032; LpV6, 
TC: t(50)=2.69, p=0.0048; LpVIP, VPI: t(50)=7.04, p<0.0001; LpVIP, TC: t(50)=8.08, 
p<0.0001; RCSv, VPI: t(50)=6.37, p<0.0001; RCSv, TC: t(50)=5.8, p<0.0001; RMT+, 
VPI: t(50)=3.58, p=0.0004; RMT+, TC: t(50)=6.42, p<0.0001; RPc, VPI: t(50)=7.12, 
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p<0.0001; RPc, TC: t(50)=8.09, p<0.0001; RPIVC, VPI: t(50)=2.46, p=0.0086; RPIVC, 
TC: t(50)=3.60, p=0.0004; RpV6, VPI: t(50)=8.34, p<0.0001; RpV6, TC: t(50)=9.09, 
p<0.0001; RpVIP, VPI: t(50)=9.86, p<0.0001; RpVIP, TC: t(50)=9.60, p<0.0001).  
Figure 4.4 shows the average activity strength within LAud, RAud, LV1, and RV1 during 
VPI and TC.  In contrast to the OF-sensitive regions, the average activity in LAud during 
VPI was actually significantly less than zero (t(50)=-2.73, p=0.0044) whereas the activity 
in LAud during TC and RAud during VPI and TC did not differ from zero.  The average 
activity in LV1 and RV1 was significantly greater than zero, as expected (LV1, VPI: 
t(50)=14.7, p<0.0001; LV1, TC: t(50)=13.84, p<0.0001; RV1, VPI: t(50)=18.4, 
p<0.0001; RV1, TC: t(50)=18.2, p<0.0001). 
Effect of Age on OF-Sensitive Region Activity during VPI and TC 
 The rest of the results only consider the following OF-sensitive regions whose 
activity during VPI showed an inverse relationship with global radial motion threshold: 
RCSv, LMT+, RMT+, LpVIP, and RpVIP.  The only significant age effect that was 
found was that RMT+ activity during both the VPI task (t(49)=2.43, p=0.0187) and the 
TC task (t(49)=2.81, p=0.007) was greater in aged adults compared to young adults.  This 
difference was not due to psychoactive medications.  There was a trend for greater 
activity in RpVIP in young adults during VPI (t(49)=-1.80, p=0.0781) that was not 
present during TC (t(49)=-0.984, p=0.33).  Figure 4.5 shows the average activity strength 
within this set of ROIs in young and aged during the VPI and TC tasks. 
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Relationship between VPI Accuracy and OF-Sensitive Region Activity Strength 
 All regression models predicting VPI accuracy showed a significant effect of age 
on performance, reflecting the results already presented showing that aged adults 
performed worse on the VPI task.  Significant positive effects of activity strength in 
LMT+ (β=0.429, t(47)=3.45, pFDR=0.00178), LpVIP (β=0.256, t(47)=3.60, 
pFDR=0.00085), and RpVIP (β=0.164, t(47)=2.63, pFDR=0.0172) during VPI and VPI 
accuracy were found.  The interaction effects within these three models were significant 
as well (LMT+ x age: β=-0.383, t(47)=-3.08, pFDR=0.00345, LpVIP x age: β=-0.256, 
t(47)=-3.60, pFDR=0.00085, RpVIP x age: β=-0.151, t(47)=-2.42,  pFDR=0.0195). 
To assess these relationships further, linear correlations predicting positive 
relationships between activity in LMT+, LpVIP, and RpVIP during VPI and VPI 
accuracy were performed within young and aged groups separately.  In aged adults, 
significant positive relationships between activity in LMT+ (r(20)=0.518, p=0.0068), 
LpVIP (r(20)=0.513, p=0.0073), and RpVIP (r(20)=0.417, p=0.0267) during VPI and 
VPI accuracy were found.  In young adults, these relationships were weaker and did not 
reach significance: LMT+ (r(27)=0.157, p=0.208), LpVIP (r(27)=0.0021, p=0.496), 
RpVIP (r(27)=0.0974, p=0.308).  We assessed whether activity strength in LMT+, 
LpVIP, or RpVIP during TC and their interactions with age were significant predictors of 
VPI performance using identical models with the exception that activity strength in these 
regions was measured during TC.  There was a positive effect of activity in LpVIP during 
TC on VPI performance (β=0.263, t(47)=2.86, pFDR=0.00732) and a significant 
interaction (LpVIP x age: β=-0.258, t(47)=-2.80, pFDR=0.00732) with a stronger 
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relationship between LpVIP activity during TC and VPI accuracy in aged adults 
(r(20)=0.423, p=0.0248) compared to young adults (r(27)=0.0398, p=0.419).  There were 
no significant effects of activity in LAud, RAud, LV1, or RV1 during VPI on VPI 
performance, and no significant interactions. 
  The multiple regression model predicting VPI accuracy was built using data only 
from the aged group because the relationships between activity in OF-sensitive regions 
and performance were stronger in this group compared to the young group.  Both forward 
and backward stepwise variable selection identified activity in LMT+ and RpVIP during 
VPI as variables for the model predicting VPI accuracy in the aged group.  LMT+ and 
RpVIP activity during VPI were not correlated (r(20)=0.0502, p=0.824).  The overall 
model was significant (R2=0.421, F(2,19)=6.92, p=0.0055), and both LMT+ and RpVIP 
activity during VPI were significant predictors of VPI accuracy (LMT+, VPI: β=0.780, 
t(19)=2.85, pFDR=0.0205; RpVIP, VPI: β=0.297, t(19)=2.25, pFDR=0.0368).  The model 
predicting VPI accuracy using LMT+ and RpVIP activity measured during TC was not 
significant (R2=0.139, F(2,19)=1.54, p=0.241) and neither variable was a significant 
predictor of VPI accuracy within this model (LMT+, TC: β=0.602, t(19)=1.64, 
pFDR=0.233; RpVIP, TC: β=0.076, t(19)=0.44, pFDR=0.665).  Psychoactive medications 
did not have an effect on VPI Accuracy or the activity strength within LMT+ or RpVIP 
during VPI.  Table 4.3 shows the details of each model. 
Whole Model Statistics 
 VPI Accuracy, VPI Activity 
Model 
VPI Accuracy, TC 
Activity Model 
R2 0.421 0.139 
p value  0.0055** 0.241 
RMSE 18.2 22.2 
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Predictor-Specific Statistics: VPI Accuracy, VPI Activity Model 




Standard Error 0.274 0.132 
FDR-corrected p value 0.0205* 0.0368* 
PE Confidence Interval 
(lower 95%, upper 
95%)  
0.207, 1.35 0.0201, 0.573 
Predictor-Specific Statistics: VPI Accuracy, TC Activity Model 




Standard Error 0.366 0.173 
FDR-corrected p value 0.233 0.665 
PE Confidence Interval 
(lower 95%, upper 
95%)  
-0.164, 1.37 -0.286, 0.438 
 
Table 4.3: Models Predicting VPI Accuracy in the Aged Group using LMT+ and 
RpVIP Activity.  Stepwise variable selection was used to select OF-sensitive regions 
whose activity strength during VPI predicted VPI accuracy in aged adults; LMT+ and 
RpVIP activity were selected.  Activity in LMT+ and RpVIP during VPI were both 
significant predictors of VPI accuracy and the overall model was significant, as well.  
Greater activity in each region was associated with better VPI accuracy, as reflected by 
the positive parameter estimates associated with each variable.  A regression model 
predicting VPI accuracy built using LMT+ and RpVIP activity strength during TC was 
not significant.  The positive parameter estimates of LMT+ and RpVIP activity during 
TC within that model suggest a relationship with VPI accuracy similar to the relationship 
between VPI accuracy and activity within these areas measured during VPI.  However, 
the lack of navigational demands during TC appears to weaken their relationship with 
VPI accuracy. *p<0.05, **p<0.01 
 
Discussion 
 The results of these experiments show that activity strength within OF-sensitive 
cortical areas during a visual path integration task is a factor associated with performance 
accuracy on that task in aged adults.  To our knowledge, this is the first direct 
demonstration of such a relationship and first exploration of this idea using fMRI.  
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Similar to many other spatial navigation and path integration studies, the aged adults 
performed worse than the young adults on the VPI task, which required using visual 
motion cues to keep track of location and orientation, but not on the TC task, which 
contained the same visual motion cues but did not require using them for spatial 
orientation. 
Our set of 11 OF-sensitive regions were defined based on their stronger response 
to coherent versus scrambled motion and reported sensitivity to egomotion-compatible 
stimuli.  Accordingly, all 11 regions responded to the motion in our VPI and TC tasks, 
and the activation strength during VPI in 5 of these regions showed an inverse 
relationship with radial global motion threshold.  Those who were less sensitive to radial 
global motion (i.e. had higher thresholds) had weaker activity within RCSv, LMT+, 
RMT+, LpVIP, and RpVIP during the VPI task.  Focusing on this set of regions, aged 
adults showed stronger activity in RMT+ during both the VPI and the TC tasks relative to 
young adults.  No other significant effects of age on activity strength were found. 
Stronger activity in LMT+, LpVIP, and RpVIP during VPI was associated with 
higher accuracy on the VPI task in aged adults, and the relationships involving LMT+ 
and RpVIP activity were specific to activity measured during VPI.  There were no 
significant relationships between activity strength in LAud or RAud during VPI and VPI 
performance, as would be expected for activity in auditory cortex.  Additionally, there 
were no significant relationships between activity strength in LV1 or RV1 during VPI 
and VPI performance, suggesting that the relationships seen in in LMT+, LpVIP, and 
RpVIP are associated with global motion processing, not local motion processing.  
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Lastly, a linear regression model with activity strength in LMT+ and RpVIP during VPI 
predicted 42% of the variance in VPI accuracy in aged adults.  The equivalent model 
using activity in these regions during TC as predictors was not significant.  Overall, these 
results demonstrate a link between sensitivity to global radial motion patterns, activity 
strength within visual motion areas during visual path integration, and visual path 
integration accuracy, particularly in aged adults. 
Activity in RCSv, LMT+, RMT+, LpVIP, and RpVIP during VPI was Inversely Related to 
Global Radial Motion Thresholds 
Our main goals in this study were to examine the effect of age on activity strength 
in OF-sensitive regions during real-time visual path integration and whether activity 
strength in these regions was associated with visual path integration performance.  We 
focused on OF-sensitive regions because of their implication in visual self-motion 
perception, which is central to our VPI task and present in our TC task, but not essential 
to TC task performance.  We defined a set of 11 OF-sensitive regions that (1) responded 
more strongly to coherent dot motion than scrambled dot motion and (2) were in close 
proximity to regions that have been reported to respond more strongly to egomotion-
compatible than egomotion-incompatible stimuli.  The activity in all 11 OF-sensitive 
regions was greater than zero during both the VPI and TC tasks, in line with the motion 
present in these tasks.  In a separate set of analyses, we compared activity in the OF-
sensitive regions measured during VPI and TC to activity in these regions measured 
during a still counting (SC) task in a sample of 10 young adults (see Appendix 1).  The 
SC task involved counting still images that were taken on paths in the same neighborhood 
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as the VPI and TC tasks, but did not contain motion or the perception of self-motion on a 
path.  Most of our regions showed stronger activity during the VPI task compared to the 
SC task, and all regions showed stronger activity during the TC task compared to the SC 
task, further supporting that these regions respond to the self-motion present in our tasks.  
Lastly, activity within a subset of the 11 OF-sensitive regions (LMT+, RMT+, LpVIP, 
RpVIP, and RCSv) during the VPI task had an inverse relationship with global radial 
motion thresholds measured outside of the MRI scanner.  We used this criterion to further 
focus our analyses on OF-sensitive regions whose activity during VPI was most closely 
associated with perceptual sensitivity to global radial motion patterns, which are 
experienced during self motion. 
The approach described above led us to focus our analyses on a set of OF-
sensitive regions that fMRI studies in humans and electrophysiological and fMRI studies 
in macaques have implicated in self-motion and heading perception.  Activity measured 
in OF-sensitive regions LMT+ and RMT+ during VPI was inversely associated with 
radial global motion sensitivity.  The notation MT+ is frequently used in human fMRI 
studies to refer to the combination of MT, MST, and other motion-sensitive areas within 
this vicinity (Dukelow et al., 2001; Smith et al., 2006).  Human fMRI studies have shown 
that MST and the broader area MT+ are sensitive to heading direction based solely on 
optic flow (Cardin et al., 2012; Peuskens et al., 2001; Wutte et al., 2011), similar to the 
properties of MST in macaques noted in the introduction to this chapter.  Research in 
both species strongly implicates MST/MT+ in self-motion perception (DeAngelis and 
Angelaki, 2012; Greenlee et al., 2016; Smith et al., 2017a). 
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Activity measured in OF-sensitive regions LpVIP and RpVIP during VPI was 
inversely associated with radial global motion sensitivity, as well.  In humans, several 
visual motion-sensitive areas, including regions that have been shown to be more 
sensitive to coherent than scrambled motion, have been identified in the vicinity of the 
intraparietal sulcus, in which LpVIP and RpVIP are located (Helfrich et al., 2013).  FMRI 
studies have also shown that regions within the intraparietal sulcus are sensitive to 
heading direction based on optic flow (Furlan et al., 2013; Peuskens et al., 2001).  Our 
left and right pVIP ROIs are putative human homologues of macaque area VIP.  We 
emphasize the putative homology of this region more than that of MST because the 
intraparietal sulcus and surrounding regions differ quite a bit between humans and 
macaques (Orban et al., 2004; Vanduffel et al., 2002).  In the macaque, VIP sits at the 
base of the intraparietal sulcus at the nexus of visual and somatosensory areas; many 
neurons in VIP are polysensory (responding to visual, tactile, auditory, and vestibular 
stimuli).  In humans, a similar region at the base of the intraparietal sulcus has been 
identified that responds to visual, tactile, and auditory motion stimuli (Bremmer et al., 
2001), however the surrounding regions are heavily involved in visual processing and 
have expanded disproportionately relative to macaques (Orban et al., 2003; Orban et al., 
2004).  Our pVIP regions correspond closely with the average coordinates of pVIP 
reported in Cardin and Smith, though both regions, in addition to the heading-sensitive 
region reported by Peuskens and colleagues (2001), appear to be located dorsal to the 
fundus of the intraparietal sulcus.  Because this study, Cardin and Smith’s study, and 
other studies showing heading sensitivity in pVIP did not identify VIP based on 
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polysensory activation, we cannot necessarily claim that it is this region or that pVIP 
(defined using polysensory stimuli in humans) is sensitive to heading.  Although the 
correspondence between pVIP and macaque VIP is less certain than the correspondence 
between MT+ and MST, regions in the vicinity of our pVIP are nevertheless implicated 
in self-motion processing in humans. 
We were also able to identify LCSv and RCSv, and activity measured in RCSv 
during VPI was inversely associated with radial motion thresholds.  In humans, CSv has 
been shown to be sensitive to heading direction based on visual flow information (Furlan 
et al., 2013) and to respond to real motion versus motion generated from retinal motion 
(i.e. the region can differentiate between retinal motion due to self-motion versus eye 
movement accounts) (Fischer et al., 2011).  Our ability to contextualize CSv in the 
macaque literature is limited, particularly because this region was identified first in 
humans (Wall and Smith, 2008) and only recently has a potentially homologous region 
been identified in the macaque using imaging and egomotion-compatible stimuli 
(Cottereau et al., 2017).  The properties of CSv derived from fMRI studies suggest a role 
for the region in self-motion perception. 
 Taken together, our ability to define our set of OF-sensitive areas based on their 
increased response to coherent versus scrambled motion and the response of the OF-
sensitive regions to the motion in our task are in line with the human and non-human 
primate literature on the role of these regions in self-motion perception.  Narrowing down 
this set of regions based on the relationship between activity strength in these regions 
during VPI and radial motion thresholds led us to select L/RMT+, L/RpVIP, and RCSv 
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for further analysis.  The literature provides strong support for roles of MST/MT+ and 
VIP/pVIP in self-motion perception and heading.  The literature is consistent with CSv 
playing a role in self-motion perception and heading, but more study is needed to better 
understand its role. 
Stronger Activity in RMT+ in Aged Adults during VPI and TC 
 After narrowing down our set of 11 OF-sensitive regions to 5 whose activity 
during VPI was inversely associated with global radial motion sensitivity, we examined 
the effect of age on activity in these 5 regions during the VPI and TC tasks.  Aged adults 
had stronger activity in RMT+ during both the VPI and TC tasks, showing that age had a 
similar effect on the response of this region to motion regardless of the presence of 
navigational demands in the task.  To our knowledge, only one study has directly 
investigated the effect of aging on activation within MT+ in response to radial motion in 
humans using fMRI (Biehl et al., 2017).  In whole-brain analyses, they found 
significantly stronger activity in a cluster in the vicinity of RMT+ in aged adults 
compared to young adults while they viewed radial dot motion that was not found in the 
left hemisphere.  This aligns with our finding of increased RMT+ activity during the VPI 
and TC tasks, both of which contained radial coherent motion, in aged adults.  Another 
recent study using functional near infrared spectroscopy measured vertical motion 
thresholds and the hemodynamic response to these motion patterns across the lifespan 
(Ward et al., 2018).  In this task, vertical global motion thresholds were correlated with 
age such that older adults had significantly higher global motion thresholds than young 
adults.  The hemodynamic response over a region approximating MT+ to vertical global 
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motion was also correlated with age, with aged adults showing a stronger hemodynamic 
response to motion.  While both of these studies differed substantially from the present 
study, they both provide evidence for an increased neural response in MT+ to coherent 
motion in aged adults. 
What might explain the increased response in MT+ during VPI and TC in aged 
adults?  Electrophysiological research in young and aged macaques has examined the 
effects of aging on the speed and direction tuning of MT neurons, which provide input to 
MST.  While our MT+ complex likely contains a mixture of areas MT and MST in most 
participants, these studies are potentially informative in explaining the increased BOLD 
signal during VPI and TC in right MT+ in aged adults.  In aged macaques, MT neurons 
tend to prefer slower speeds, become less speed selective, and become less direction 
selective compared to neurons measured in MT in young macaques (Liang et al., 2010; 
Yang et al., 2009).  Experiments performed in V1 examining causes of reduced direction 
and orientation selectivity of neurons in aged macaques suggest that this loss of 
selectivity could be due to decreased GABA in V1 (Leventhal et al., 2003), and a similar 
mechanism may be at play in MT.  Connecting this to our results, it is possible that in 
aged adults, a greater number of neurons in MT respond to the motion present in our 
tasks as a result of their reduced speed and direction selectivity, which could also affect 
activity within area MST.  This is one factor that may underlie the stronger response seen 
in RMT+ in aged adults during both the VPI and TC tasks. 
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Activity Strength in LMT+, LpVIP, and RpVIP is Associated with VPI Accuracy 
 Of the 5 OF-sensitive regions whose activity during VPI had the strongest inverse 
relationships with radial motion thresholds, activity in LMT+, LpVIP, and RpVIP during 
VPI showed positive relationships with VPI performance that were stronger in aged 
adults than young adults.  Activity in LpVIP during TC showed a positive relationship 
with VPI performance that was similarly stronger in aged adults, as well, suggesting that 
perhaps the non-conscious response to global radial motion in this area is associated with 
performance and not strongly affected by attention or other factors.  It is likely that these 
relationships were stronger in aged adults as a result of near ceiling-level performance on 
the VPI task in young participants rather than as a result of the absence of a relationship 
in young participants. 
In aged adults, stepwise variable selection identified activity in LMT+ and RpVIP 
during VPI as variables for a multiple regression model predicting VPI performance; the 
model was significant and activity strength in both regions were significant predictors of 
VPI performance in the model.  The same model built using activity strength in each of 
these regions during TC was not significant.  This suggests that there is some effect of the 
presence of navigational demands on this relationship, which may be the result of a 
difference in attention to radial optic flow in each task.  These findings implicate the 
response of specific OF-sensitive regions during spatial orienting tasks as a novel factor 
underlying visual path integration performance in aged adults.  This is especially 
interesting in light of the fact that (1) activity in these regions during the VPI task was 
inversely associated with sensitivity to radial global motion patterns and (2) the literature 
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strongly implicates MST and VIP in self-motion and heading perception.  This suggests 
that global radial motion sensitivity is associated with how these regions respond to the 
radial motion experienced when moving through an environment and that stronger 
activity in these areas while tracking position and orientation within an environment 
supports better performance, especially in aged adults. 
 Stronger activity in LMT+, LpVIP, and RpVIP during VPI was associated with 
more accurate performance on the VPI task in aged adults.  There were no significant 
effects of age on activity strength in these regions, but their average activity levels are 
potentially informative in gaining a better understanding of whether the relationship 
between activity in these areas and performance in the aged group represents 
maintenance processes or compensatory processes.  In other words, is it beneficial for 
activity in these OF-sensitive regions to appear more similar to that in young participants 
(who performed at or near ceiling) or different from that in young participants?  There 
was a trend for greater activity in RpVIP during VPI in young adults and the average 
activity in in LpVIP during VPI was also greater in young adults (though it did not reach 
trend level) (Figure 4.5).  This suggests that aged adults with activity in LpVIP and 
RpVIP during VPI that was more similar to that in young adults was beneficial to their 
performance.  Similarly, there was no significant effect of age on activity in LMT+ 
during VPI; activity levels were quite similar in both groups with the average activity in 
aged adults slightly higher than that in young adults (Figure 4.5).  It has been shown that 
attention modulates activity within the MT+, and specifically within MT and MST, with 
greater attention to visual motion associated with increased activity and neuronal firing 
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within these regions (Beauchamp et al., 1997; O’Craven et al., 1997; Treue and Maunsell, 
1996).  It is possible that in aged adults, attention to visual motion could be closely 
associated with VPI performance.  The variation in LMT+ activity within the aged group 
might reflect the level of attention directed towards visual motion.  Examination of the 
behavior of these regions in tasks in which young adults show greater variance in 
performance and additional study of these regions during spatial orienting in aged adults 
is needed to better understand the mechanisms underlying these relationships. 
Limitations 
Some limitations should be kept in mind while interpreting the results presented 
in this chapter.  One important limitation is the imprecise localization of our OF-sensitive 
regions due to (1) group-level functional localization and (2) the use of a single coherent 
motion localizer.  In terms of the first point, we defined our OF-sensitive regions at the 
group level to minimize time in the MRI scanner and participant burden.  The coordinates 
of each OF-sensitive region are based on the average location of peak activity measured 
during coherent dot motion across all participants.  This is more specific than using 
published coordinates to define regions because our regions are specific to our sample of 
participants, but it is less specific than functionally identifying each region within each 
participant.  We would expect functional localization at the individual level to lead to 
stronger relationships between activity strength in our regions and radial motion 
thresholds as well as performance.  In terms of the second point, using additional visual 
motion and vestibular tasks would also contribute to more precise localization and 
identification of these OF-sensitive regions.  For example, differentiating area MT from 
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MST requires the use of an additional localizer that presents dot motion to each visual 
hemifield.  As discussed, the intraparietal sulcus in humans contains many regions that 
respond to coherent visual motion.  To more concretely identify the putative homolog of 
VIP (which is polysensory) in participants, a combination of visual, tactile, auditory, and 
perhaps vestibular stimulation would be required (Bremmer et al., 2001).  For other 
visual motion areas, confirming their representation of the visual field is important to 
precise identification and therefore retinotopy would be useful in these cases.  In other 
words, showing participants additional combinations of localizers allows for more precise 
and confident definitions of these cortical motion areas.  In future studies, more precise 
localization of MT, MST, and/or pVIP and other motion areas in the intraparietal sulcus 
at the individual level would likely be the most relevant to include. 
Another limitation is the discrepancy between the radial motion speed used to 
measure radial global motion thresholds and the radial optic flow speed in our VPI and 
TC tasks.  It is possible that we may have seen stronger relationships between activity in 
our OF-sensitive regions during the VPI task and radial global motion sensitivity patterns 
if the speeds were more closely matched.  Additionally, a closer correspondence of 
speeds would have allowed us to draw stronger conclusions about perceptual sensitivity 
to global radial motion patterns and the radial motion patterns in our VPI and TC tasks.  
While this is possible with our experimental setup, tasks within a virtual environment 
would likely facilitate testing the relationship between global radial motion sensitivity 
and self-motion speed during a VPI task at different speeds. 
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Performing any task related to perception of self-motion within an environment in 
an MRI scanner limits full translatability to real-world navigation due to the limited field 
of view and lack of self-motion-related sensory input beyond vision.  In terms of the first 
point, tasks performed in the MRI scanner are viewed on a screen that limits peripheral 
visual input, which would otherwise be received when moving through real space.  
Additional visual input associated with both a larger field of view and stronger optic flow 
cues has been shown to affect performance on visual navigation tasks, suggesting that 
peripheral visual input might affect performance on our tasks as well as associated brain 
activity patterns (Kearns et al., 2002; Tan et al., 2006).  In terms of the second point, no 
other sensory input congruent with the self-motion experienced in a navigation task 
performed in an MRI scanner is available.  Typically, vestibular, proprioceptive, and 
even auditory input would be available if one were walking on these paths in the real 
world and given that many of our OF-sensitive regions have been reported to respond to 
vestibular stimuli, their activity might differ if it were present (Greenlee et al., 2016; 
Smith et al., 2017a).  The absence of this input is useful in the sense that we were able to 
isolate the use of visual motion input to keep track of one’s position and orientation in 
space.  However, the unrealistic nature of this set-up and lack of additional sensory input 
almost guarantees that brain activity differs from what it would look like if our 
participants performed our tasks in real space. 
One last limitation is that we did not collect eye-tracking information as part of 
this experiment.  With this information, we could have examined whether there were 
differences in the amount of eye movement between young and aged participants and 
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also between the VPI and TC tasks.  MT+, pVIP, and CSv all show evidence of 
differentiating between retinal motion due to eye movement versus environment motion 
(Fischer et al., 2011; Greenlee et al., 2016) and therefore likely receive information 
related to eye movement.  Additionally, MT+ and regions in the dorsal parietal lobe have 
been shown to respond to eye movements in fMRI studies (Della-Justina et al., 2008; 
Kimmig et al., 2001).  Thus, eye movement data would be potentially informative in 
terms of evaluating whether the amount of eye movement was closely associated with the 
activity in these regions.  Though this could be informative, the relationships found 
between activity in MT+, pVIP, and RCSv during VPI and radial motion thresholds 
suggest that activity levels in these regions were not overwhelmingly due to eye 
movements.  If activity strength in these regions were overwhelmingly due to eye 
movements, we would not expect to find significant relationships between activity 
strength in these regions during VPI and global radial motion thresholds (which were 
unrelated to eye movements because participants fixated on a central point on the 
computer screen while these thresholds were measured).  Additionally, in the aged group 
we would not expect activity in these regions to be related to VPI performance if it solely 
represented the amount of eye movements made during the task.  Nevertheless, eye 
tracking could be informative in future studies examining the relationship between 
activity in these regions and performance on spatial orienting tasks. 
Conclusion 
 The analyses in this chapter provide novel evidence that activity strength within 
OF-sensitive cortical regions implicated in self-motion perception is associated with 
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accuracy on a visual path integration task in healthy aged adults.  Our results were 
specific to a subset of OF-sensitive regions implicated in visual self-motion perception 
whose activity during the VPI task was inversely related to radial global motion 
thresholds measured outside of the MRI scanner – suggesting that weaker activity in 
these regions during the VPI task represented a weaker response to the radial global 
motion characteristic of self-motion present in the task.  This weaker response could be 
the result of attention-related processes or age-related changes in these global visual 
motion areas and associated circuits.  Most fMRI studies on aging and spatial navigation 
to date have focused on spatial learning and spatial memory.  Our findings suggest that 
more study should be devoted to the role of sensory processes, particularly global motion 
perception, in real-time spatial orienting in order to better understand variability in spatial 





Figure 4.1: Defining Optic Flow-Sensitive Regions of Interest.  (top left) Participants 
viewed an optic flow localizer in which blocks of coherent radial dot motion alternated 
with blocks of scrambled dot motion while their brain activity was measured using 
BOLD fMRI.  (middle left) Regions that responded more strongly during coherent blocks 
versus scrambled blocks were mapped at the group level.  (bottom left) Coordinates 
corresponding to peaks of activity within these group maps were identified and by hand.  
(bottom right) The Euclidean distance between the coordinates corresponding to these 
peaks of activity and the average center coordinates of regions shown to respond more 




Smith, 2009) were measured.  Regions whose center coordinates were <14 mm away 
from Cardin and Smith’s regions were selected and named for the region to which they 
were closest.  The figure inset shows areas LpV6 (parieto-occipital sulcus) and LCSv 
(cingulate sulcus), which is also shown in the magnified image.  The regions shown in 
blue correspond to the average coordinates of Cardin and Smith’s regions and the regions 
shown in red correspond to our OF-sensitive regions.  (top right) The final set of 11 OF-
sensitive regions is shown on a cortical surface image created in Brain Net Viewer v1.6 
(Xia et al., 2013).  The average parameter estimate within each of these regions was 
extracted in each participant during both the VPI and the TC tasks as a measure of 







Figure 4.2: Optic Flow-Sensitive and Control Regions of Interest.  OF-sensitive 
cortical regions were defined (see Figure 4.1) and are shown in red.  We defined two 
types of control regions.  Our negative control regions were left and right primary 
auditory cortex, which are shown in green.  These were defined by hand in Heschl’s 
gyrus in the left and right hemisphere using the Harvard-Oxford Cortical Structural Atlas.  
Our other control regions were left and right primary visual cortex, which are shown in 
blue.  Primary visual cortex responds to visual stimuli with and without motion, but does 
not show a preference for coherent motion, which is associated with global motion 
patterns, versus scrambled motion, which is associated with local motion patterns.  






Figure 4.3:  Activity within OF-Sensitive Regions during the VPI and TC Tasks.  
Activity within all OF-sensitive regions during the VPI and TC tasks was significantly 
greater than zero relative to baseline in our sample of young and aged adults (n=51).  
Activity within primary visual cortex ROIs, LV1 and RV1 (not shown), was also 
significantly greater than zero and had an average activity greater than that of RpVIP 




Figure 4.4: Activity within Control Regions during the VPI and TC Tasks.  (left) 
Average activity within primary auditory cortex was not significantly greater than zero 
during VPI or TC relative to baseline, as expected.  Activity in LAud during VPI was 
significantly less than zero. (right) Average activity in LV1 and RV1 during VPI and TC 
relative to baseline was significantly greater than zero, as expected for primary visual 






Figure 4.5: Effect of Age on Activity within Subset of OF-Sensitive Regions during 
VPI and TC.  Analyses examining the effect of age and performance on activity within 
OF-sensitive regions were performed on regions whose activity strength during VPI was 
inversely associated with radial global motion threshold.  There were significant effects 
of age on activity within RMT+ during both the VPI and TC tasks with aged adults 
showing stronger activity.  A trend for stronger activity in RpVIP during the VPI task in 





CHAPTER FIVE: FUNCTIONAL CONNECTIVITY STRENGTH BETWEEN 
OPTIC FLOW-SENSITIVE CORTICAL REGIONS AND PARIETAL CORTEX 
DURING A VISUAL PATH INTEGRATION TASK PREDICTS PERFORMANCE 
IN AGED ADULTS 
Introduction 
The specialization of human cortex for particular sensory, perceptual, and 
cognitive functions was first proposed in the late 1800s and has since been central to 
cognitive neuroscience (Rorden and Karnath, 2004).  Localized brain lesions in humans, 
due to stroke, disease, or other injury, revealed associations between cortical regions and 
deficits in perception and cognition.  The advent of functional brain imaging, particularly 
fMRI, presented a previously unavailable opportunity to safely and noninvasively map 
these cortical specializations in vivo.  Likely as a result of the legacy of associating 
lesions with sensory, perceptual, and cognitive deficits, great effort was initially 
dedicated towards using fMRI to identify the role of individual brain regions in 
perceptual or cognitive processes based on their activity levels during specific tasks or in 
response to different stimulus categories.  In the more recent past, there has been a shift 
in focus towards using fMRI to understand how the interactions between brain regions 
support these same perceptual and cognitive processes both during tasks and at rest (see 
Smith et al., 2016 and van den Heuvel and Pol, 2010 for review).  Brain regions do not 
work in isolation; the task at hand affects the way information is communicated between 
them.  This shift towards the study of functional connectivity promises to provide a more 
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comprehensive understanding of the actual way the brain supports cognitive processes 
because the brain is a precisely interconnected network. 
In Chapter 4, we examined the effect of age on the role of OF-sensitive brain 
regions in visual path integration from a localized perspective.  We found that activity 
strength within OF-sensitive cortical regions implicated in self-motion and heading 
perception was associated with visual path integration accuracy in cognitively normal 
aged adults.  Specifically, the activity strength within LMT+ and RpVIP measured during 
our VPI task predicted 42% of the variance in VPI accuracy in aged adults whereas 
activity strength in these regions measured during the TC task only predicted 14% of the 
variance in VPI accuracy.  As discussed in Chapter 1, only a few published fMRI studies 
have examined the effect of aging on brain activity patterns underlying environmental 
spatial task performance (Antonova et al., 2009; Konishi et al., 2013; Meulenbroek et al., 
2004; Moffat et al., 2006b; Schuck et al., 2015; Stangl et al., 2018b).  Most of these 
studies have focused on spatial learning and spatial memory and have highlighted the 
finding of weaker brain activity in medial temporal lobe structures, specifically the 
hippocampus, in aged adults during these tasks.  Our work presented in Chapter 4 
expands the scope of these studies by providing evidence for a role of sensory/perceptual 
processing in environmental spatial task performance in cognitively normal aged adults. 
The tasks used in the analyses presented in Chapter 4 also provide a means to 
explore how aging might affect the interactions between brain regions during 
environmental spatial tasks and how these interactions might be related to performance.  
The VPI and TC tasks are similar on all accounts except for the fact that the VPI task 
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requires that participants use visual self-motion to keep track of their position and 
orientation relative to the start of the path and the TC task does not.  This difference in 
how self-motion information is used in each task suggests that self-motion information 
may be transmitted differently between OF-sensitive regions and the rest of the brain 
during each task.  Whether this information transfer is affected by age or associated with 
visual path integration accuracy in aged adults are compelling questions.  Normal aging 
tends to be associated with a decrease in functional connectivity between brain regions at 
rest, changes in the organization of functional brain networks, and changes in functional 
connectivity during tasks (see Dennis and Thompson, 2014 and Sala-Llonch et al., 2015 
for review).  This supports the notion that normal aging affects how information is shared 
among brain regions.  This has been studied and continues to be studied while the brain is 
at rest (i.e. not engaged in a specific task).  Study on the functional connectivity between 
brain regions during task performance in aged adults has begun to increase in recent 
years, though the way normal aging affects information exchange between brain regions 
during environmental spatial tasks has yet to be explored.  None of the published fMRI 
studies on aging and spatial navigation have explored information transfer between brain 
regions during environmental spatial tasks as a potential mechanism underlying spatial 
navigation task performance in aged adults. 
To address this gap in the literature, we set out to examine whether normal aging 
affects the exchange of self-motion information between OF-sensitive regions and the 
rest of the brain during visual path integration and in aged adults whether this is 
associated with visual path integration performance.  To examine this, we used 
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psychophysiological interactions (PPI) analyses (Friston et al., 1997; O’Reilly et al., 
2012) to measure the task-related functional connectivity strength between OF-sensitive 
regions and the rest of the brain during our VPI and TC tasks.  PPI analyses highlight 
regions of the brain whose functional connectivity strength with a seed region (i.e. any of 
our OF-sensitive regions) changes specifically during a given task (i.e. the VPI or TC 
task) relative to rest (i.e. baseline).  In other words, these analyses examine interactions 
between brain regions for which a given task is a moderating variable. 
Using PPI analyses, our first goal was to identify OF-sensitive regions whose 
interaction strength with other brain regions showed sensitivity to the presence of 
navigational demands.  We did this in order to focus our analyses on OF-sensitive regions 
whose interactions with other brain regions might be most involved in the exchange of 
self-motion information required to keep track of one’s position and orientation during 
the VPI task.  To this end, our initial set of PPI analyses identified OF-sensitive regions 
whose functional connectivity patterns with the rest of the brain differed between the VPI 
and TC tasks.  All age- and performance-related analyses were focused on this subset of 
OF-sensitive regions.  Next, we assessed the effect of age on the functional connectivity 
strength between our subset of OF-sensitive regions and the rest of the brain during VPI.  
Prominent effects of age were reassessed in a region-based manner, and the region-based 
approach was used to examine whether the same age effects were present during the TC 
task or whether they were specific to VPI.  Lastly, we assessed the relationship between 
OF-sensitive region functional connectivity strength with the rest of the brain during VPI 
and VPI accuracy in aged adults.  Prominent relationships between functional 
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connectivity and VPI performance were reassessed in a region-based manner, and this 
region-based approach was used to examine whether the same performance effects were 
present during the TC task or whether they were specific to VPI. 
Methods 
The structure and administration of the fMRI paradigms used in the analyses in 
this chapter are described in detail in Chapter 2 (Figure 2.2), and detailed information on 
the definition of the OF-sensitive regions referred to in this chapter is contained in 
Chapter 4 (Figure 4.1).  Figure 5.1 summarizes the analyses described in detail below. 
Image Processing 
All data were exported from the MRI scanner in FSL-NIfTI format and visually 
inspected prior to use.  FMRI data were processed in FSL v5.0.11 (Jenkinson et al., 2012) 
using the FEAT v6.00.  Data preprocessing steps are the same as those described in 
Chapter 4, and the 11 OF-sensitive regions defined in Chapter 4 are the same set used in 
the analyses in this chapter (Figure 4.1, Table 4.1). 
Psychophysiological Interactions Analyses 
 PPI analyses were used to measure task-related functional connectivity between 
OF-sensitive regions and the rest of the brain (Friston et al., 1997; O’Reilly et al., 2012).  
PPI analyses were performed for VPI and TC runs using each one of the 11 OF-sensitive 
regions (L/RCSv, L/RMT+, L/RPIVC, L/RpV6, L/RpVIP, and RPc) as a seed region in 
order to generate measures of functional connectivity strength between each OF-sensitive 
region and the rest of the brain during each task.  All functional connectivity measures 
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extracted from these PPI analyses represent functional connectivity during either VPI or 
TC relative to rest (white fixation cross on a black background). 
The PPI analyses were run in FSL as follows.  For our first-level analyses, a set of 
explanatory variables (EVs) was generated for each OF-sensitive seed for each run.  The 
first EV (EV1) modeled VPI or TC task blocks.  EV1 did not include the 10-second 
response period (i.e. the response period was grouped with the fixation cross period).  
Only the active VPI and TC periods were modeled, which resulted in the PPI maps 
reflecting functional connectivity strength between regions while participants viewed 
each path and either path integrated or counted turns.  The second EV (EV2) for each PPI 
analysis consisted of the extracted timeseries from a given OF-sensitive ROI (L/RCSv, 
L/RMT+, L/RPIVC, L/RpV6, L/RpVIP, and RPc) in the image space of that particular 
participant and run.  The third EV (EV3) modeled the interaction between EV1 and EV2 
(i.e. the PPI).  The preprocessed data were prewhitened, temporal filtering was 
performed, and a double-gamma HRF convolution was applied to the stimulus waveform 
representing the task period in each run. 
We performed two types of second-level analyses.  The first was to determine 
which OF-sensitive regions’ functional connectivity patterns significantly differed 
between the VPI and TC tasks.  Fixed-effects, within-subject analyses were performed 
for each OF-sensitive region to create whole-brain maps of the following contrasts: VPI > 
TC and TC > VPI.  These maps were entered into group-level analyses.  FSL’s FLAME 
1+2 was used to create group-level maps of these contrasts in the full sample of 51 
participants with a Z threshold of 3.1 and an FWER-corrected cluster p threshold of 0.05.  
	
	 125 
Pre-threshold masking was carried out using a gray matter mask created from the gray 
matter tissue prior included in FSL v5.0.11.  The gray matter mask was created by 
thresholding the gray matter tissue prior to only include voxels equal to 100 or greater.  
Visual inspection of this thresholded mask verified that most to all cortical and 
subcortical gray matter voxels were included.  Five OF-sensitive regions showed 
significantly different functional connectivity patterns during VPI and TC: LpV6, LMT+, 
RMT+, LpVIP, and RpVIP (see Appendix 2 for these differential functional connectivity 
patterns).  This suggests that information exchange between these 5 OF-sensitive regions 
and the rest of the brain differs based on the presence of navigational demands.  For this 
reason, the rest of the analyses presented in this chapter focus on these 5 OF-sensitive 
regions. 
The second type of second-level analyses we performed was simply to obtain 
maps representing the average functional connectivity strength between each OF-
sensitive region and the rest of the brain during VPI or during TC relative to rest within 
each participant.  Fixed-effects analyses were performed for these within-subject, higher-
level analyses to create parameter estimate maps for each OF-sensitive region 
representing that region’s average functional connectivity strength with the rest of the 
brain during each task relative to baseline.  These second-level maps were entered into 
our group-level, whole-brain analyses in which we assessed the effect of age on OF-
sensitive region functional connectivity patterns during VPI.  They were also entered into 
our group-level, whole-brain analyses in which we assessed whether there was a 
relationship between VPI performance and OF-sensitive region functional connectivity 
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patterns during VPI in our aged group.  In all of our ROI-based analyses, the average 
parameter estimate in each target and control ROI was extracted from each of these 
second-level OF-sensitive region functional connectivity maps in each participant. 
Effect of Age on OF-Sensitive Region Functional Connectivity Patterns during VPI 
  FSL’s FLAME 1+2 was used to create whole-brain maps showing significant 
effects of age on the functional connectivity strength between each of the 5 OF-sensitive 
regions in our subset and the rest of the brain during VPI.  A Z threshold of 3.1 and an 
FWER-corrected cluster p threshold of 0.05 were used and pre-threshold masking was 
carried out using the gray matter mask discussed in the previous section.  All age effects 
showed significantly stronger functional connectivity between OF-sensitive regions and 
other brain regions during VPI and commonalities among age-effect maps were 
immediately visible.  For these reasons, we binarized the thresholded Z statistic maps 
(which showed only significant age effects) and summed them to create an age-effect 
summary map (Figure 5.2).  Spherical ROIs with a diameter of 5mm were created with 
center coordinates in regions whose functional connectivity strength with a majority of 
the OF-sensitive regions in our focused subset (i.e. 3 or more) was stronger in aged 
adults.  This led to the creation of 3 age-effect target ROIs – one in the right lingual gyrus 
(RLin), one in the left lingual gyrus (LLin), and one in the left superior parietal lobule 
(LSPL).  The regions were named for their anatomical location defined by the Harvard-
Oxford Cortical Structural Atlas included in FSLview.  The center coordinates of these 
age-effect target ROIs are listed in Table 5.1 and they correspond to the regions shown in 
Figure 5.2 in which a maximum overlap of the age-effect maps is present. 
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Age-Effect Target ROI MNI152 Coordinates (mm) 
RLin 8, -62, 2 
LLin -6, -62, 2 
LSPL -42, -40, 58 
 
Table 5.1: Age-Effect Target ROIs.  The 3 age-effect ROIs were defined at the group 
level.  Maps showing significantly stronger functional connectivity between OF-sensitive 
regions and the rest of the brain in aged adults during VPI were binarized and summed.  
This revealed 3 regions that showed significantly stronger functional connectivity with 
three OF-sensitive regions during VPI in aged adults.  The central coordinates of these 
regions, which are binary spheres with 5 mm radii are listed in MNI152 space. 
 
 We used our age-effect target ROIs to create average functional connectivity 
measures that focused our analyses and reduced the number of comparisons (Figure 5.1, 
top).  To illustrate how these measures were calculated, we will use RLin as an example.  
The parameter estimates representing the functional connectivity strength between each 
of the 5 OF-sensitive regions in our subset and RLin during VPI and TC were extracted.  
Then, the average functional connectivity strength between our 5 OF-sensitive regions 
and RLin was calculated for VPI and TC in the young and aged groups.  This process was 
carried out for each age-effect target ROI for the VPI task as well as the TC task (as a 
control) resulting in the following 6 average functional connectivity variables per 
participant: OF ROIs – RLin (VPI), OF ROIs – LLin (VPI), OF ROIs – LSPL (VPI), OF 
ROIs – RLin (TC), OF ROIs – LLin (TC), OF ROIs – LSPL (TC).  The effect of age on 
each of these functional connectivity measures was tested using two-tailed t-tests. 
Relationship between VPI Accuracy and OF-Sensitive Region Functional Connectivity 
Patterns during VPI 
 The same process described in the previous section was carried out to create 
performance-effect target ROIs in the aged group.  Performance effects were only 
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examined in the aged group because of the near ceiling performance on the VPI task in 
the young group (Table 4.2).  In the aged group (n=22), FSL’s FLAME 1+2 was used to 
create whole-brain maps showing significant relationships between VPI accuracy and the 
functional connectivity strength between each of the 5 OF-sensitive regions in our subset 
and the rest of the brain during VPI.  A Z threshold of 3.1 and an FWER-corrected cluster 
p threshold of 0.05 were used and pre-threshold masking was carried out using the gray 
matter mask previously discussed.  All relationships between VPI accuracy and 
functional connectivity between OF-sensitive regions and other brain regions during VPI 
were positive.  Similar to the age-effect maps, commonalities among performance-effect 
maps were immediately visible.  For these reasons, we binarized the thresholded Z 
statistic maps (which showed only significant performance effects) and summed them to 
create a performance-effect summary map (Figure 5.3).  Spherical ROIs with a diameter 
of 5mm were created with center coordinates in regions whose functional connectivity 
strength with a majority of the OF-sensitive regions in our focused subset (i.e. 3 or more) 
was positively associated with VPI accuracy in aged adults.  This led to the creation of 3 
performance-effect target ROIs – one in the right supramarginal gyrus (RSMG), one in 
the left posterior cingulate gyrus (LPCG), and one in the right posterior cingulate gyrus 
(RPCG).  The regions were named for their anatomical location defined by the Harvard-
Oxford Cortical Structural Atlas included in FSLview.  The center coordinates of these 
performance-effect target ROIs are listed in Table 5.2 and they correspond to the regions 
shown in Figure 5.3 in which a maximum overlap of the relationship between VPI 
accuracy and functional connectivity strength with OF-sensitive regions is present. 
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Performance-Effect Target ROI MNI152 Coordinates (mm) 
RSMG 56, -44, 32 
LPCG -8, -44, 32 
RPCG 6, -46, 32 
 
Table 5.2: Performance-Effect Target ROIs.  The 3 performance-effect ROIs were 
defined at the group level.  Maps showing a significant positive relationship between VPI 
accuracy and functional connectivity strength between OF-sensitive regions and the rest 
of the brain in aged adults during VPI were binarized and summed.  This revealed 3 
regions whose functional connectivity strength with three OF-sensitive regions during 
VPI showed a positive relationship with VPI accuracy.  The central coordinates of these 
regions, which are binary spheres with 5 mm radii are listed in MNI152 space. 
 
 We used our performance-effect target ROIs to create average functional 
connectivity measures analogous to those described in the previous section (Figure 5.1, 
bottom).  We performed the same calculations to create the following 6 average 
functional connectivity variables per aged participant: OF ROIs – RSMG (VPI), OF ROIs 
– LPCG (VPI), OF ROIs – RPCG (VPI), OF ROIs – RSMG (TC), OF ROIs – LPCG 
(TC), OF ROIs – RPCG (TC).  Linear correlations were performed predicting positive 
relationships between VPI accuracy and these average functional connectivity measures 
in aged adults.  Although we did not expect to see these relationships for functional 
connectivity strength measured during the TC task, one-tailed tests were performed for 
all correlations for the sake of consistency. 
Results 
Effect of Age on OF-Sensitive Region Functional Connectivity Patterns during VPI 
 Aged adults showed significantly stronger average functional connectivity 
between each age-effect ROI and the OF-sensitive regions LMT+, RMT+, LpVIP, 
RpVIP, and LpV6 during VPI compared to young adults.  The average functional 
connectivity strength between the 5 OF-sensitive regions and LLin was significantly 
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stronger in aged adults relative to young adults during VPI (t(49)=4.50, pFDR=0.0001) but 
not during TC (t(49)=1.30, pFDR=0.242).  The average functional connectivity strength 
between the 5 OF-sensitive regions and RLin was significantly stronger in aged adults 
relative to young adults during VPI (t(49)=3.96, pFDR=0.0005) but not during TC 
(t(49)=1.18, pFDR=0.242).  The average functional connectivity strength between the 5 
OF-sensitive regions and LSPL was significantly stronger in aged adults during VPI 
(t(49)=4.36, pFDR=0.0001) but not during TC (t(49)=1.52, pFDR=0.202).  Stronger average 
functional connectivity between our 5 OF-sensitive regions and LLin, RLin, and LSPL in 
aged adults was only found in the presence of navigational demands.  These differences 
were not due to psychoactive medications. 
Figure 5.4 shows the average functional connectivity strength between our set of 
5 OF-sensitive regions and each age-effect ROI in young and aged adults during VPI and 
during TC.  During VPI in aged adults, the average functional connectivity strength 
between LLin and our OF-sensitive regions and RLin and our OF-sensitive regions was 
greater than zero (LLin: t(21)=2.75, p=0.012; RLin: t(21)=2.95, p=0.0077).  This shows 
that our 5 OF-sensitive regions interact with these lingual gyrus regions more strongly 
than they do at rest when navigational demands are present in aged adults.  The average 
functional connectivity between these regions in young adults during VPI and in young 
and aged adults during TC was less than zero (young, VPI: LLin: t(28)=-3.73, p=0.0009; 
RLin: t(28)=-2.85, p=0.0081; young, TC: LLin: t(28)=-3.86, p=0.0006; RLin: t(28)=-
5.69, p<0.0001; aged, TC: LLin: t(21)=-2.24, p=0.0336; RLin: t(21)=-2.71, p=0.0113).  
This shows that in young adults and in the absence of navigational demands, these 
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regions interact less strongly than they do at rest.  In contrast to our lingual gyrus regions, 
the average functional connectivity strength between our 5 OF-sensitive regions and 
LSPL during VPI and TC in young and aged adults was less than zero (young, VPI: 
LSPL: t(28)=-7.63, p<0.0001; young, TC: LSPL: t(28)=-5.69, p<0.0001; aged, VPI: 
LSPL: t(21)=-2.72, p=0.0129; aged, TC: LSPL: t(21)=-4.83, p<0.0001).  The average 
functional connectivity strength between LSPL and our 5 OF-sensitive regions was 
significantly greater in aged adults than young adults during VPI.  However, in contrast 
to the lingual gyrus, these regions interacted less strongly during VPI than they interact at 
rest in both groups. 
Relationship between VPI Accuracy and OF-Sensitive Region Functional Connectivity 
Patterns during VPI 
 Average functional connectivity strength between each performance-effect ROI 
and the OF-sensitive regions LMT+, RMT+, LpVIP, RpVIP, and LpV6 during VPI was 
positively associated with VPI accuracy in aged adults.  There was a significant positive 
relationship between VPI accuracy and the average functional connectivity strength 
between RSMG and our 5 OF-sensitive regions in aged adults during VPI (r(20)=0.681, 
pFDR=0.0015) but not during TC (r(20)=-0.0288, pFDR=0.661).  There was a significant 
positive relationship between VPI accuracy and the average functional connectivity 
strength between LPCG and our 5 OF-sensitive regions in aged adults during VPI 
(r(20)=0.536, pFDR=0.01) but not during TC (r(20)=0.0502, pFDR=0.618).  There was a 
significant positive relationship between VPI accuracy and the average functional 
connectivity strength between RPCG and our 5 OF-sensitive regions in aged adults 
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during VPI (r(20)=0.55, pFDR=0.01) but not during TC (r(20)=-0.25, pFDR=0.869).  The 
relationships between VPI accuracy and average functional connectivity strength between 
our 5 OF-sensitive regions and RSMG, LPCG, and RPCG were only found when 
navigational demands were present.  Psychoactive medications did not have an effect on 
average functional connectivity strength between our 5 OF-sensitive regions and RSMG, 
LPCG, and RPCG or on VPI accuracy in aged adults. 
 Figure 5.5 shows the Pearson’s r values, r2 values, and FDR-adjusted p values 
(Yekutieli and Benjamini, 1999) for the relationships between VPI accuracy and average 
functional connectivity strength between our OF-sensitive regions and RSMG, LPCG, 
and RPCG during VPI (left, pale blue boxes) and during TC (left, pink boxes).  Also 
shown is the average functional connectivity strength between our OF-sensitive regions 
and RSMG, LPCG, and RPCG during VPI in young and aged adults (middle, blue and 
pale blue bars, respectively).  No significant differences in average functional 
connectivity strength between these regions during VPI were found between young and 
aged adults.  However, observing these graphs, it can be seen that the average functional 
connectivity between these regions is positive and stronger in young adults compared to 
aged adults. 
Discussion 
 Our results show effects of age and performance on the functional connectivity 
strength between specific brain regions and our subset of 5 OF-sensitive regions whose 
functional connectivity patterns were sensitive to the presence of navigational demands.  
Notably, 4 out of 5 of these OF-sensitive regions (LMT+, RMT+, LpVIP, RpVIP) in our 
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subset are strongly implicated in self-motion and heading perception, have been shown to 
be selective for egomotion-compatible stimuli, and showed relationships between activity 
strength during VPI and global radial motion sensitivity in this study.  In this context, the 
sensitivity of the functional connectivity patterns of these regions to the presence of 
navigational demands is particularly significant.  Aged adults showed stronger average 
functional connectivity between the left lingual gyrus, right lingual gyrus, left superior 
parietal lobule and our subset of OF-sensitive regions during VPI compared to young 
adults, and this age effect was specific to the VPI task (i.e. it was not found when testing 
the effect of age on functional connectivity strength between the same regions measured 
during the TC task).  Within aged adults, stronger average functional connectivity 
between the right supramarginal gyrus, left posterior cingulate, right posterior cingulate, 
and our subset of OF-sensitive regions during VPI was associated with more accurate 
VPI performance, and this performance effect was specific to the VPI task (i.e. it was not 
found when assessing the relationship between VPI accuracy and functional connectivity 
strength between the same regions measured during the TC task).  Overall, these results 
provide support for an effect of age on the exchange of self-motion information between 
brain regions during visual path integration and support this as a mechanism underlying 
spatial navigation ability in cognitively normal aged adults. 
Regions Implicated in Self-Motion Perception Show Differential Functional Connectivity 
Patterns during VPI and TC Tasks 
 As discussed in Chapter 4, we were able to define 11 OF-sensitive regions in our 
sample that (1) responded more strongly to coherent versus scrambled dot motion and (2) 
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were in close proximity (<14 mm) to regions that respond more strongly to egomotion-
compatible stimuli compared to egomotion-incompatible stimuli.  These characteristics 
implicate this set of OF-sensitive regions in self-motion perception.  For the purposes of 
the present chapter, we focused our analyses on a subset of these 11 OF-sensitive regions 
whose functional connectivity strength differed between the VPI and TC tasks.  We used 
this as our focusing criterion because we reasoned that OF-sensitive regions whose 
functional connectivity patterns differed in the presence of navigational demands would 
be important to the exchange of self-motion information with brain regions potentially 
involved in keeping track of a goal location during the VPI task.  Applying this criterion 
led us to focus our age-related and performance-related analyses on a subset of 5 OF-
sensitive regions: LMT+, RMT+, LpVIP, RpVIP, and LpV6. 
Remarkably, four out of five of these regions (LMT+, RMT+, LpVIP, RpVIP) 
have been implicated as being particularly important to the perception of self-motion and 
heading direction in humans and non-human primates (see Chapter 4 for a detailed 
discussion and see DeAngelis and Angelaki, 2012, Greenlee et al., 2016, and Smith et al., 
2017a for review on this topic).  In line with this, analyses we performed in Chapter 4 
showed inverse relationships between global radial motion sensitivity and activity 
strength in LMT+, RMT+, LpVIP, and RpVIP during the VPI task.  This demonstrates a 
link between perceptual sensitivity to visual motion patterns associated with self-motion 
and the response of left and right MT+ and pVIP to visual motion patterns consistent with 
self-motion during the VPI task.  Here, we additionally found that the functional 
connectivity patterns between left and right MT+ and pVIP and the rest of the brain differ 
	
	 135 
between the VPI and TC tasks.  This suggests that the self-motion information processed 
in left and right MT+ and pVIP is exchanged with different brain regions depending on 
whether navigational demands are present.  Thus, similar to Chapter 4, our approach led 
us to focus our functional connectivity analyses on a set of OF-sensitive regions that have 
been implicated as being important to self-motion and heading perception.  The 
convergence of the literature, our Chapter 4 activity-based analyses, and the functional 
connectivity-based analyses just described on LMT+, RMT+, LpVIP, and RpVIP support 
their role in self-motion perception in the context of spatial orienting tasks.  This suggests 
that the interactions between these OF-sensitive regions and other brain regions measured 
in the task-related functional connectivity analyses presented in this chapter likely reflect 
the transfer or exchange of self-motion information between OF-sensitive regions and 
regions that may be involved in tracking position and orientation during our VPI task. 
Functional Connectivity between OF-Sensitive Regions and Lingual Gyrus and Left 
Superior Parietal Lobule is Stronger during VPI in Aged Adults Relative to Young Adults 
 Aged adults showed stronger functional connectivity between our subset of 5 OF-
sensitive regions and the left lingual gyrus, right lingual gyrus, and left superior parietal 
lobule selectively during the VPI task compared to young adults.  The bar graphs on the 
left of Figure 4 show that average functional connectivity strength between our 5 OF-
sensitive regions and the left (top left) and right (middle left) lingual gyrus during VPI in 
aged adults was positive, meaning that OF-sensitive regions increased their interactions 
with the lingual gyrus relative to baseline in aged adults during VPI.  This contrasts with 
the average functional connectivity strength between these regions in young adults during 
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VPI as well as the average functional connectivity strength between these regions in 
young and aged adults during TC, all of which represent decreased interactions relative to 
baseline.  One interpretation of this finding is that the positive and significantly stronger 
functional connectivity between our subset of OF-sensitive regions and the left and right 
lingual gyrus in aged adults during VPI is compensatory because it does not resemble the 
functional connectivity in the young group.  Although our subset of OF-sensitive regions, 
on average, did not show increased interaction with the lingual gyrus during VPI (or TC) 
in young adults, the lingual gyrus has been implicated as playing a role in 
environmental/scene processing and spatial navigation (Boccia et al., 2014; Henderson et 
al., 2008).  Regions in close proximity to our right lingual gyrus target area have been 
shown to be associated with both egocentric and allocentric spatial reference frames 
(Boccia et al., 2014), recently learned environments (Boccia et al., 2014), egocentric 
spatial learning (Weniger et al., 2010), object location (Sulpizio et al., 2013), and notably 
distance and rotation tracking (Chrastil et al., 2015).  Stronger functional connectivity 
between our OF-sensitive regions and the lingual gyrus in aged adults exclusively during 
VPI could reflect the reorganization of brain networks to facilitate recruitment of 
additional regions that are more broadly involved in environmental processing and 
learning that young adults do not need to recruit to perform the task. 
Aged adults showed stronger functional connectivity between our subset of OF-
sensitive regions and the left superior parietal lobule during VPI, as well.  The superior 
parietal lobule has been implicated in attention (see Culham and Kanwisher, 2001 for 
review), mental object rotation (Gogos et al., 2010), shifts in spatial and non-spatial 
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attention (see Behrmann et al., 2004 for review; Vandenberghe et al., 2001), coding target 
locations with respect to one’s body (i.e. in an egocentric frame) (Marchette et al., 2014), 
and the online control of actions (see Sack, 2009 for review).  In contrast to the lingual 
gyrus, the functional connectivity strength between our subset of OF-sensitive regions 
and the left superior parietal lobule was decreased relative to baseline in young and aged 
adults during both VPI and TC.  Thus, the increased average functional connectivity 
strength between our subset of OF-sensitive regions and the left superior parietal lobule 
seen in aged adults reflects a relatively weaker decrease in the interaction between these 
regions during VPI relative to baseline in aged adults compared to young adults.  Because 
the superior parietal lobule has been implicated in attentional shifting and control, it is 
possible that weaker dissociation between our OF-sensitive regions and left superior 
parietal lobule in aged adults could reflect weaker inhibition of attentional shifting during 
the VPI task.  As our understanding of the role of the superior parietal lobule evolves, 
further interpretation of this result may become clearer. 
To our knowledge, this is the first study to examine the effects of age on task-
related functional connectivity during spatial orienting.  Others have examined the effects 
of age on task-related functional connectivity during memory (Kurth et al., 2016; 
Lamichhane et al., 2018; Oh and Jagust, 2013), selective attention (Geerligs et al. 2014), 
motor (Michely et al., 2018), emotional processing (Ritchey et al., 2011), and perceptual 
judgment tasks (Hakun et al., 2015).  Some studies have exclusively or mostly shown 
increased task-related functional connectivity in aged compared to young adults, similar 
to the present study (Hakun et al., 2015; Oh and Jagust, 2013; Michely et al., 2018).  
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Others have shown both increased and decreased task-related functional connectivity in 
aged adults (Geerligs et al., 2014; Ritchey et al., 2011), exclusively decreased task-
related functional connectivity in aged adults (Lamichhane et al., 2018), or no difference 
(Kurth et al., 2016).  Taken together, the effect of age on task-related functional 
connectivity appears to be both task and region dependent. 
Functional Connectivity Strength between OF-Sensitive Regions and Right 
Supramarginal Gyrus and Posterior Cingulate Gyrus during VPI is Associated with VPI 
Accuracy in Aged Adults 
 In aged adults, stronger average functional connectivity between our subset of 5 
OF-sensitive regions and the right supramarginal gyrus, left posterior cingulate, and right 
posterior cingulate during VPI was associated with more accurate performance on the 
VPI task.  These relationships were specific to VPI; relationships between VPI accuracy 
and average functional connectivity strength between our 5 OF-sensitive regions and 
these three target regions during the TC task were not found. 
 The right supramarginal gyrus target region lies incredibly close to a region 
whose activity patterns have been shown to encode or represent egocentric space, 
including space that lies beyond the visual field (Schindler and Bartels, 2013).  Due to the 
prominent role of egocentric spatial encoding in our task, we tested whether the 
relationship between VPI accuracy and average functional connectivity strength between 
our subset of OF-sensitive regions and the egocentric spatial encoding region reported in 
Schindler and Bartels’s paper (2013) was present.  We found a significant positive 
relationship (r=0.58, r2=0.336, p=0.0023) that was specific to VPI (TC: r=0.216, 
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r2=0.0468, p=0.167).  In addition to representing egocentric space, lesions in this region 
of the right supramarginal gyrus have been strongly associated with spatial neglect 
(Driver and Mattingly, 1998) as well as out-of-body experiences (i.e. altered first-person 
perspective) (Ionta et al., 2011).  In this context, our finding supports that aged adults 
with stronger information exchange between regions important to self-motion perception 
(L/RMT+, L/RpVIP, LpV6) and a region important to the representation of egocentric 
space (RSMG) exclusively during the VPI task performed more accurately.  Regions near 
to our left and right posterior cingulate target regions have also been implicated in 
egocentric spatial encoding (Chadwick et al, 2015; Schindler and Bartels, 2013) as well 
as encoding self-location and head direction (Guterstam et al., 2015) and tracking 
distance from goal locations (Chrastil et al., 2016).  Taken together, these results support 
the notion that stronger information exchange between regions important to self-motion 
perception and regions involved in the representation of egocentric space and one’s 
location in it during a task with navigational demands is associated with better 
performance on that task in aged adults. 
 Similar to the results discussed in the previous section, this is, to our knowledge, 
the first demonstration of a relationship between performance accuracy on an 
environmental spatial task and task-related functional connectivity patterns in cognitively 
normal aged adults.  Others have found positive relationships between task performance 
and functional connectivity strength between brain regions during motor selection 
(Stewart et al., 2014), motor sequence learning (Lin et al., 2012), perceptual judgment 
(Hakun et al., 2015), working memory (Mok et al., 2019), and memory encoding tasks 
	
	 140 
(Franzmeier et al., 2017; Oh and Jagust, 2013).  Thus, our results align with results found 
for other types of cognitive tasks and support the principle that stronger task-evoked 
interaction between brain regions tends to be associated with better task performance in 
aged adults. 
Limitations 
 A few limitations should be kept in mind in interpreting these results.  First, the 
limitations in Chapter 4 related to imprecise localization of OF-sensitive areas and 
translatability to real-world navigation apply to these results, as well.  A second 
limitation is that we did not counterbalance the VPI and TC conditions; all participants 
completed the VPI task first.  Though we avoided direct comparisons of the VPI and TC 
contrasts in our main results, it is possible that the lack of counterbalancing could have 
affected the VPI vs. TC contrasts used to narrow down our set of OF-sensitive regions 
from 11 to 5.  In other words, the differential task-related functional connectivity patterns 
of LMT+, RMT+, LpVIP, RpVIP, and LpV6 could partially reflect order effects rather 
than the presence of navigational demands, however we believe this is unlikely.  Four out 
of the five OF-sensitive regions (L/RMT+ and L/RpVIP) on which we focused our 
analyses are strongly implicated in self-motion perception and the activity strength within 
these regions was inversely associated with global radial motion sensitivity measured 
outside of the scanner.  In this context, it makes sense that the functional connectivity 
patterns of these four OF-sensitive regions would significantly differ depending on the 
presence of navigational demands because the VPI condition requires that self-motion 
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information be used differently.  Nevertheless, it is important to keep in mind that order 
effects may be present in these results. 
 Lastly, our conclusions involving the right supramarginal gyrus and posterior 
cingulate would be stronger if we were able to confirm their involvement in egocentric 
spatial encoding or goal location encoding during our VPI task or a similar task in this 
sample.  Though relevant literature corroborates our findings associated with the 
posterior cingulate and especially the right supramarginal gyrus, it is still possible that 
these regions are not involved in egocentric spatial or location encoding in the VPI task.  
Future studies should consider ways to incorporate direct tests of these factors to further 
strengthen similar conclusions in spatial navigation studies. 
Conclusion 
 To our knowledge, this is the first targeted investigation of the effects of age on 
task-related functional connectivity patterns during an environmental spatial task and the 
relationship between these patterns and task performance in aged adults.  We provide 
novel evidence of stronger task-related interactions between OF-sensitive regions and the 
lingual gyrus and left superior parietal lobule in aged adults during visual path 
integration.  We also provide novel evidence showing that stronger task-related 
interactions between OF-sensitive regions and the posterior cingulate and right 
supramarginal gyrus are associated with more accurate visual path integration in aged 
adults.  All of these results were specific to the VPI task, which requires tracking one’s 
current position and orientation relative to a goal location in first person perspective (i.e. 
the egocentric frame), and were not found during the TC task, which contains the same 
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type of visual stimuli but does not require tracking one’s position and orientation.  For 
this reason, it is notable that our age- and performance-related results involved 
interactions between OF-sensitive regions implicated in self-motion processing (L/RMT+ 
and L/RpVIP) and regions implicated in egocentric spatial learning and distance and 
rotation tracking (lingual gyrus), egocentric spatial encoding and spatial neglect (right 
supramarginal gyrus), and encoding self-location and tracking distance from a goal 
location (posterior cingulate gyrus).  All of these cognitive processes are likely important 
to VPI task performance.  These results introduce strength of information exchange 
between regions involved in processing self-motion and regions involved in the 
representation of egocentric space as a novel mechanism important to accurate spatial 
orienting in cognitively normal aged adults.  These findings lay a foundation for further 
study into how task-related interaction strength between these or different sets of brain 





Figure 5.1: Schematic Illustrating Calculation of Functional Connectivity Measures 




sensitive regions, 5 showed significantly different functional connectivity patterns during 
VPI versus TC (LMT+, RMT+, LpVIP, RpVIP, LpV6).  The analyses in this chapter are 
focused on these 5 OF-sensitive regions due to the effect of navigational demands on 
their functional connectivity patterns.  (left, top) The effect of age on the whole-brain 
connectivity patterns of the 5 OF-sensitive regions was assessed during VPI.  Maps 
showing significant effects of age on functional connectivity were binarized and summed 
together.  (top, middle) This summary map highlighted regions whose functional 
connectivity strength with multiple OF-sensitive regions was affected by age.  Regions 
whose functional connectivity strength with a majority of OF-sensitive regions (i.e. 3 or 
more) was affected by age during VPI were identified.  Spheres with a 5mm radius were 
placed in these regions to create age-effect target regions of interest (ROIs) (top, middle, 
blue circles).  (right, top) The average functional connectivity strength between each OF-
sensitive region in our subset (red circles) and each age-effect target ROI (blue circle) 
was calculated during VPI and during TC totaling 6 average functional connectivity 
measures.  (left, bottom) The relationship between VPI performance and whole-brain 
connectivity patterns of the 5 OF-sensitive regions was assessed during VPI.  Maps 
showing significant effects of VPI performance on functional connectivity were binarized 
and summed together.  (bottom, middle) This summary map highlighted regions whose 
functional connectivity strength with multiple OF-sensitive regions was associated with 
VPI performance.  Regions whose functional connectivity strength with a majority of 
OF-sensitive regions (i.e. 3 or more) during VPI was associated with VPI performance 
were identified.  Spheres with a 5mm radius were placed in these regions to create 
performance-effect target regions of interest (ROIs) (bottom, middle, blue circle).  (right, 
bottom) The average functional connectivity strength between each OF-sensitive region 
(red circles) in our subset and each performance-effect target ROI (blue circle) was 






Figure 5.2: Summary Map of the Effect of Age on the Functional Connectivity 
Strength between the Subset of OF-Sensitive Regions and the Rest of the Brain 
during VPI.  This map shows brain regions whose functional connectivity with 2 or 
more OF-sensitive regions in our subset was stronger in aged adults relative to young 
adults during VPI.  The functional connectivity strength between a majority (i.e. 3+) of 
our OF-sensitive regions and three brain regions was stronger in aged adults: right and 
left lingual gyrus (Lin) and the superior parietal lobule (SPL).  White arrows identify 







Figure 5.3: Summary Map of the Relationship between VPI Accuracy and 
Functional Connectivity Strength between the Subset of OF-Sensitive Regions and 
the Rest of the Brain during VPI in Aged Adults.  This map shows brain regions 
whose functional connectivity strength with 2 or more OF-sensitive regions in our subset 
during VPI was associated with VPI accuracy in aged adults.  The functional connectivity 
strength between a majority (i.e. 3+) of our OF-sensitive regions and three brain regions 
was stronger in aged adults who performed more accurately on the VPI task: right and 
left posterior cingulate gyrus (PCG) and the right supramarginal gyrus (SMG).  White 
arrows identify these regions in the figure.  Performance-effect target regions were 





Figure 5.4: The Effect of Age on the Average Functional Connectivity Strength 
between our Subset of OF-Sensitive Regions and the Bilateral Lingual Gyrus and 




differential functional connectivity strength with the rest of the brain during VPI versus 
TC are shown as red spheres on each cortical surface.  Their average task-related 
functional connectivity strength (grey lines) with three target regions (blue spheres) was 
calculated during VPI and TC: (right, top) left lingual gyrus (LLin), (right, middle) right 
lingual gyrus (RLin), (right, bottom) left superior parietal lobule (LSPL).  (left) The 
average task-related functional connectivity strength between the 5 OF-sensitive regions 
and each target region (LLin, RLin, LSPL) during the VPI (blue) and TC (red) tasks in 
young (blue and red) and aged (pale blue and pink) adults is shown. *pFDR < 0.001, ** 






Figure 5.5: The Relationship between VPI Accuracy and the Average Functional 
Connectivity Strength between our Subset of OF-Sensitive Regions and the Right 
Supramarginal Gyrus and Bilateral Posterior Cingulate Gyrus during VPI in Aged 
Adults.  (right) Our subset of 5 OF-sensitive regions showing differential functional 
connectivity strength with the rest of the brain during VPI versus TC are shown as red 




strength (grey lines) with three target regions (blue spheres) was calculated during VPI 
and TC: (right, top) right supramarginal gyrus (RSMG), (right, middle) left posterior 
cingulate gyrus (LPCG), (right, bottom) right posterior cingulate gyrus (RPCG).  (left) 
Scatterplots showing the relationship between VPI accuracy and average task-related 
functional connectivity strength between our 5 OF-sensitive regions and each target 
region (RSMG, LPCG, RPCG) during VPI (pale blue) and TC (pink) are shown.  Only 
the relationships between VPI accuracy and average task-related functional connectivity 
strength between our OF-sensitive regions and each target region during VPI were 
significant and are represented by the pale blue line in each figure.  The relationships 
between VPI accuracy and average task-related functional connectivity strength between 
our OF-sensitive regions and each target region during TC were not significant.  The 
Pearson’s r value, r2 value, and FDR-adjusted p values for these relationships measured 
during VPI (pale blue) and during TC (pink) are shown.  (middle) The average task-
related functional connectivity strength between the 5 OF-sensitive regions and each 
target region (RSMG, LPCG, RPCG) during the VPI (blue) task in young (blue) and aged 




CHAPTER SIX: DISCUSSION 
 Spatial navigation is a complex, cognitive skill, and many sensory, perceptual, 
and cognitive factors are thought to be involved in our ability to successfully navigate 
through our environment in a variety of contexts (Chrastil, 2013; Lester et al., 2017; 
Wolbers and Hegarty, 2010).  The overarching skill that is spatial navigation is 
comprised of several processes, including cognitive mapping, route learning, and path 
integration, and age-related weaknesses in many of these processes have been 
documented (Klencklen et al., 2012; Lester et al., 2017; Moffat, 2009).  Supporting these 
complex navigational processes are a number of more fundamental computations and 
functions associated with general learning and memory and spatial information 
processing, several of which could be associated with age-related weaknesses in these 
more complex navigational processes (Lester et al., 2017).  Through identifying more 
fundamental factors associated with spatial navigation processes in aged adults, we can 
gain insight into the mechanisms underlying weaknesses in aspects of spatial navigation 
ability associated with aging.  Beyond age-related difficulty in forming allocentric 
representations (which itself is a complex spatial learning process), a detailed 
understanding of the factors and mechanisms associated with spatial navigation ability 
amongst aged adults is lacking in the literature. 
To begin to fill this gap in the literature, we designed the experiments in this 
dissertation to examine the role that visual motion perception plays in spatial navigation 
in aged adults.  We focused on the role of visual motion perception because previous 
work in three areas formed a premise for this.  The first is work showing an effect of age 
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on visual motion and self-motion perception.  The second is work that shows 
relationships between radial motion perception and spatial navigation ability in 
individuals with AD.  The third is the large number of cortical regions that respond 
strongly to radial optic flow; this provides a hypothesis-driven set of regions on which 
fMRI studies on spatial navigation can focus.  To investigate the relationship between 
visual motion perception and spatial navigation in a detailed way, we focused on visual 
path integration as a component process of spatial navigation.  Visual path integration 
tests isolate the use of visual motion information to keep track of one’s position and 
orientation relative to another location in space in real time.  Age-related weaknesses in 
visual path integration have been documented in the literature and were also found in this 
study.  Visual path integration, as a component process of spatial navigation, is sensitive 
to the effects of normal aging and highlights the use of optic flow to perform accurately, 
thus it was well suited to the goals of this research. 
 We used two tests to study the role of visual motion perception in visual path 
integration: a visual triangle completion test and a VPI fMRI paradigm.  The visual 
triangle completion test was used in the experiments presented in Chapter 3, which were 
performed on a computer outside of the MRI scanner.  Triangle completion tests are 
commonly used to assess path integration ability, which allowed us to contextualize our 
research within existing literature.  In each trial of the visual triangle completion test, 
participants were led along the first two legs of a triangular path (i.e. forward movement, 
a single turn, forward movement) in first-person perspective in a virtual field.  
Participants were then instructed to complete the triangular path by returning to the 
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starting location using a single turn and forward movement in first-person perspective.  In 
the test, the response to each trial was unconstrained; participants were free to return to 
any point within the virtual space in which the test took place and there was no time limit 
to do so.  Though there was a single, correct starting point that participants were 
instructed to return to, participants rarely returned to this exact point.  Thus, the visual 
triangle completion test required an unconstrained response from participants and 
provided a continuous measure of visual path integration accuracy. 
The VPI paradigm was used in the experiments presented in Chapters 4 and 5; 
these experiments were performed inside of the MRI scanner while images with BOLD 
contrast were acquired.  The stimuli in the VPI paradigm were more ecological than those 
in the visual triangle completion test – the VPI stimuli closely resembled what 
participants would experience on a walk through a Boston neighborhood.  Similar to the 
visual triangle completion test, in each trial of the VPI paradigm, participants viewed a 
path in first-person perspective that contained segments of forward movement 
interspersed with zero, one, two, or three 90° turns.  At the end of each trial, four arrows 
appeared and participants were instructed to select the arrow that corresponded to the 
starting location of the path relative to their current position and orientation.  In contrast 
to the visual triangle completion test, participants’ responses to each VPI trial were 
constrained; they had to select the direction in which the starting location of the path was 
located using a forced choice paradigm.  Thus, the VPI paradigm required a discrete 
response on each trial that had to be provided within a time limit of 10 seconds.  These 
features made the VPI paradigm more conducive to in-scanner performance than the 
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visual triangle completion test, though we had concerns that these tests might be sensitive 
to different underlying perceptual and cognitive processes.  Fortunately, these concerns 
were alleviated as performance on the visual triangle completion test and VPI paradigm 
was significantly correlated in the expected direction, suggesting that they measure 
similar aspects of visual path integration ability despite their difference in structure and 
required response (r(48) = -0.238, p = 0.0478 (one-tailed)). 
Summary of Key Findings 
 Using data from the visual triangle completion test, we provided novel evidence 
supporting a relationship between radial motion perception and visual path integration 
accuracy in aged adults in Chapter 3.  We additionally found a relationship between 
visuospatial reasoning and visual path integration accuracy that was independent of age; 
across the whole sample, those with stronger visuospatial reasoning ability (i.e. higher 
Matrix Reasoning scores) performed the visual triangle completion test more accurately, 
regardless of age.  One strength of the visual triangle completion test is the ability to 
decompose overall error into separate distance and turn error components; this allowed us 
to examine the relationships between radial and translational motion thresholds and 
distance and turn error, respectively.  A trend-level effect of radial motion threshold on 
unsigned distance error and a significant interaction between radial motion threshold and 
age on unsigned distance error led us to examine these relationships in greater detail.  
Observations of aged adults’ performance on the visual triangle completion test 
suggested that this group could be broken down into two subgroups: one that performed 
the test using the optimal strategy and another that performed the test using alternative 
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strategies.  Those using the optimal strategy responded to trials with a single turn and 
forward motion; those using alternative strategies did not, and they did not appear to be 
aware of this.  We reasoned that these groups might show different relationships between 
global motion sensitivity and performance due to a difference in strategy, which may 
have been associated with a difference in attention to or interpretation of visual motion 
during the test.  Supporting this, we found significant effects of radial motion threshold 
on overall error, signed, and unsigned distance error amongst young and aged adults who 
used the optimal strategy.  There were also significant interactions between radial motion 
threshold and age on these measures, with stronger relationships between these variables 
in aged adults in the expected direction.  Aged adults using the optimal strategy who were 
less sensitive to radial motion patterns had greater overall error, signed, and unsigned 
distance error on the visual triangle completion test.  These relationships were not present 
in the aged group that used alternative strategies. 
Using data from the VPI paradigm, we provided novel evidence supporting 
relationships between visual path integration accuracy and activity strength in OF-
sensitive cortical regions and the functional connectivity patterns of OF-sensitive cortical 
regions in Chapters 4 and 5, respectively.  We identified a set of 11 OF-sensitive cortical 
regions that (1) responded more strongly to coherent radial dot motion than scrambled 
dot motion in our sample and (2) have been reported to respond more strongly to stimuli 
containing coherent motion compatible with self-motion versus stimuli containing 
coherent motion incompatible with self-motion (Cardin and Smith, 2009).  In Chapter 4, 
we focused our analyses on a subset of 5 of these regions whose activity strength during 
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the VPI task was associated with radial motion thresholds measured outside the scanner 
(and used in our Chapter 3 analyses).  The activity strength within LMT+, RMT+, 
LpVIP, RpVIP, and RCSv during VPI was inversely associated with radial motion 
thresholds.  Independent of age, those with stronger activity in these regions during the 
VPI task, which contained radial motion throughout, were more sensitive to radial motion 
patterns within noise measured outside of the scanner.  Examining the relationship 
between activity strength in these regions and visual path integration accuracy showed 
that activity strength within LMT+, LpVIP, and RpVIP during VPI was positively 
associated with VPI accuracy in aged adults.  Furthermore, activity strength within 
LMT+ and RpVIP measured during VPI explained 42% of the variance in VPI accuracy.  
In contrast, activity strength in these two regions measured during the turn counting (TC) 
task explained only 14% of the variance in VPI accuracy.  Thus, a stronger response to 
radial motion in these OF-sensitive regions during VPI was associated with more 
accurate visual path integration in aged adults.  Greater activity in these OF-sensitive 
regions during VPI might represent greater sensitivity to or attention directed toward the 
visual self-motion present in the task.  Both of these scenarios would increase the neural 
response to radial motion, which could translate into a more accurate mental 
representation of one’s location relative to the starting location of each path and would 
benefit task performance.  Attention might also explain the specificity of the relationship 
between VPI accuracy and activity strength in LMT+ and RpVIP during VPI to the VPI 
task.  In the VPI task, radial motion must be used in the service of navigational demands, 
which might have caused participants to direct more attention towards it.  In the TC task, 
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radial motion is not central to accurate task performance; attention did not need to be 
directed towards the radial motion in the TC task to perform it accurately, which may 
have decoupled activity strength in these regions from performance across our sample. 
In contrast to Chapter 4, in which we measured activity strength within OF-
sensitive regions, in Chapter 5, we examined the functional connectivity strength between 
OF-sensitive regions and the rest of the brain during the VPI and TC tasks.  Functional 
connectivity is a measure of the interaction strength between brain regions, which can be 
conceptualized as a measure of information transfer between them.  Similar to Chapter 4, 
we focused our analyses on a subset of our 11 OF-sensitive regions in Chapter 5.  For the 
analyses in this chapter, we identified OF-sensitive regions whose functional connectivity 
patterns with the rest of the brain differed between the VPI and TC tasks (i.e. were 
sensitive to the presence of navigational demands).  The functional connectivity patterns 
of 5 OF-sensitive regions satisfied this criterion and are thus likely important to the 
exchange of self-motion information with other brain regions: LMT+, RMT+, LpVIP, 
RpVIP, and LpV6.  Notably, 4 of these regions were part of the focused subset in Chapter 
4, which were identified using a different, yet relevant, criterion.  The average functional 
connectivity strength between these 5 OF-sensitive regions and the right supramarginal 
gyrus, left posterior cingulate, and right posterior cingulate during VPI was positively 
associated with visual path integration performance in aged adults.  These relationships 
were not found for functional connectivity between these regions measured during the TC 
task.  Particularly notable among this set of results is the relationship between VPI 
accuracy and average functional connectivity strength between our subset of OF-sensitive 
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regions and right supramarginal gyrus, which has been shown to contain a representation 
of egocentric space (Schindler and Bartels, 2013).  Average functional connectivity 
strength between these regions during the VPI task could represent the strength of 
exchange of visual self-motion information between our subset of OF-sensitive regions 
and a region important to the mental representation of egocentric space (right 
supramarginal gyrus).  It is possible that stronger information exchange between these 
regions results in more accurate maintenance or updating of the starting location of each 
path relative to one’s position and orientation throughout the path.  Taken together, we 
present novel evidence showing that visual path integration accuracy in aged adults is 
associated with activity strength in OF-sensitive regions (Chapter 4) implicated in visual 
self-motion perception and their communication strength with parietal regions (Chapter 
5) shown to be important to the representation of egocentric space and self-location 
tracking during visual path integration.  This provides support for the neural response to 
radial motion and the strength of communication of self-motion information between 
brain regions as novel mechanisms underlying variability in environmental spatial skills 
in cognitively normal aged adults. 
Global Motion Perception is Associated with Visual Path Integration Accuracy in 
Aged Adults 
If a hierarchical processing perspective is adopted, the first overarching concept 
that applies to these results is that “lower-level” perceptual sensitivity or function affects 
performance of “higher-level” spatial cognition in the aged population.  The results in 
Chapter 3 show that aged adults who were less sensitive to global motion patterns 
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embedded in noise showed greater overall error on the visual triangle completion test.  
They also specifically showed greater distance error, which is the type of error sensitive 
to the process of using radial motion to interpret self-motion in the test.  The results in 
Chapter 4 showed that aged adults who performed less accurately on the VPI task had a 
weaker cortical response to radial motion during the VPI task, specifically in regions 
thought to be important to self-motion perception.  These perceptual and neural measures 
support that sensitivity to radial motion is tied to visual path integration accuracy in aged 
adults.  This was not found for young adults.  Only visuospatial reasoning ability was 
associated with visual triangle completion test performance in young adults, despite 
similar variance and range in radial motion sensitivity and visual triangle completion test 
error in young and aged adults.  Similarly, young adults performed at ceiling on the VPI 
task, despite similar variance and range in LMT+, LpVIP, and RpVIP activity strength 
during VPI to that measured in aged adults, suggesting that young adults were able to 
overcome this variability in neural sensitivity to radial motion during the task.  In the 
absence of a detectable effect of age on radial motion sensitivity and activity strength in 
LMT+, LpVIP, and RpVIP in this study, we speculate that pressure on, limits on, or 
differences in the neural system supporting path integration in aged adults causes 
performance on our visual path integration tasks to be associated with lower-level 
perceptual sensitivity in this group.  Supporting differences in the system underlying 
visual path integration in young and aged adults, we found age-related differences in 
activity strength in RMT+ and OF-sensitive region functional connectivity patterns 
during VPI that were unrelated to VPI performance.  These differences or their causes 
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could be indirectly associated with the closer relationship between global motion 
perception and visual path integration in aged adults, but additional work is needed to 
address these questions. 
Our results in Chapters 3 and 4 suggest a closer relationship between perceptual 
function and higher-level cognitive abilities in aged adults.  This has been described in 
the literature in relation to other cognitive tasks, specifically that there is a greater amount 
of shared variance between visual acuity, auditory acuity, and performance on a variety 
of cognitive tests in aged adults (Li and Lindenberger, 2002; Salthouse et al., 1996).  
Furthermore, it has been shown that aged adults with mild-to-moderate hearing loss have 
poorer memory for word lists compared to aged adults with good hearing, despite 
equivalent ability to hear the words in the lists (McCoy et al., 2005; Rabbitt, 1991).  One 
concept associated with this phenomenon is the effortfulness hypothesis, which states that 
more effortful processing in earlier stages of perception may limit the processing 
resources available for downstream, higher-level operations (Rabbitt, 1968; Wingfield et 
al., 2005).  In Chapter 3, we discussed our results through the lens of this hypothesis and 
our results fit this concept well.  This concept can also be applied to the results in Chapter 
4, but they do not align with it as neatly.  Applying this concept to our data, we would 
expect brain activity in our OF-sensitive regions to reflect more effortful processing at 
this stage.  We would expect greater effort dedicated towards processing visual motion to 
be reflected as stronger brain activity in these regions during VPI, due to the fact that 
attention to visual motion has been shown to increase activity in these regions 
(Beauchamp et al., 1997; O’Craven et al., 1997; Treue and Maunsell, 1996).  From this 
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perspective, we would expect those with greater activity in OF-sensitive regions during 
VPI to perform worse, but we found the opposite.  This, combined with the fact that 
greater activity in our OF-sensitive regions during VPI was associated with greater 
sensitivity to radial motion measured outside of the scanner, does not precisely support an 
effortfulness mechanism as it is commonly described.  Despite this, the central concept 
that applies to the results from both of these chapters is that something about the aged 
system does not allow adults with weaker sensitivity to radial motion to overcome this to 
perform these visual path integration tasks as accurately.  Future work should aim to 
identify elements in this system that are associated with greater reliance on sensory and 
perceptual function in greater detail. 
The hierarchical processing perspective adopted in this section suggests an 
additional interpretation of our results.  In terms of the visual system, global radial 
motion perception is a higher-level perceptual function compared to other aspects of 
vision such as acuity, contrast sensitivity, and local motion perception.  This raises the 
question of whether any of these factors play a role in our results showing associations 
between global radial motion perception and visual path integration accuracy.  In the 
experiments in Chapter 3, amongst the aged adults that performed the visual triangle 
completion task using the optimal strategy, there was a significant relationship between 
overall error and radial motion sensitivity.  There were no significant relationships 
between overall error and translational motion sensitivity, contrast sensitivity, or acuity.  
This was also the case for signed and unsigned distance error.  Furthermore, no 
relationships were found between radial motion sensitivity and contrast sensitivity or 
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acuity in this group or in the full sample of young and aged adults.  The absence of 
relationships among these variables within the aged group using the optimal strategy 
support a specific relationship between radial motion sensitivity and visual path 
integration error for which the aspects of lower-level visual function (that we measured) 
do not account.  As discussed in Chapter 4, there were significant relationships between 
accuracy on the VPI task and activity strength in LMT+, LpVIP, and RpVIP during VPI.  
These relationships were not found for activity strength in left or right primary visual 
cortex, which processes local motion information and relays it to higher-level areas, 
supporting that the relationship between activity strength in these OF-sensitive regions 
and VPI accuracy is associated with global motion processing that occurs within OF-
sensitive regions.  Furthermore, activity strength in LMT+, LpVIP, and RpVIP during 
VPI was inversely associated with radial global motion sensitivity and these relationships 
remained when adjusting for contrast sensitivity and acuity.  Together, these analyses 
support a relationship between visual path integration and higher-level global motion 
processes rather than lower-level visual function, and they support radial motion 
sensitivity as an element associated with variability in performance on environmental 
spatial tasks in aged adults. 
Strength of Information Exchange is Associated with Visual Path Integration 
Accuracy in Aged Adults 
 Embedded in the discussion of the results above is the concept of information 
exchange, or communication, between brain regions.  This is the second overarching 
concept that applies to our results, and a concept we specifically explored in Chapter 5.  
	
	 163 
As discussed in Chapter 5, this framework is becoming more central as our study of the 
brain as an interconnected network evolves.  The idea that sensitivity to global motion 
patterns associated with self-motion is related to higher-level spatial computations (or 
even affects them) depends on the interaction between brain regions.  For example, the 
OF-sensitive regions on which our results in Chapters 4 and 5 were focused (LMT+, 
RMT+, LpVIP, and RpVIP) have been implicated in self-motion and heading perception, 
not one’s location in space.  For self-motion information to contribute to an 
understanding of one’s location in space, this information presumably has to be shared 
with brain regions that are more closely associated with spatial processing.  Supporting 
this, our findings reported in Chapter 5 show that visual path integration accuracy in aged 
adults is associated with stronger communication between OF-sensitive regions and 
regions closely associated with encoding egocentric space while path integrating.  Further 
supporting the role of information exchange in environmental spatial processes is the age-
independent difference in functional connectivity patterns of OF-sensitive regions 
between the VPI and TC tasks.  This shows that communication between OF-sensitive 
regions and other brain regions is sensitive to the presence of navigational demands.  
Together, these findings imply that information exchange between OF-sensitive regions 
and other brain regions is important to using visual self-motion cues to path integrate, and 
they support the strength of information exchange as an important mechanism underlying 
performance on environmental spatial tasks in aged adults. 
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Could Similar Factors Underlie Variability in Visual Path Integration Accuracy or 
Spatial Navigation Ability in Young Adults? 
Could radial motion sensitivity be associated with visual path integration or other 
spatial navigation abilities in young adults?  We did not find evidence of this in our visual 
triangle completion test results, and our young adults performed the VPI task at ceiling 
level despite similar variance in OF-sensitive region activity strength to that measured in 
aged adults.  Though the results of these experiments did not show evidence of radial 
motion sensitivity as a factor explaining variation in path integration accuracy in young 
adults, this factor might become more prevalent in the context of a more demanding task 
or conditions in which radial optic flow signals are weaker.  Studies exploring the 
effortfulness hypothesis in young adults have shown evidence for an association between 
sensory and perceptual factors and cognitive performance in young adults only under 
conditions in which the sensory signal of interest contains noise and/or the task is more 
difficult (Gao et al., 2011, 2012; Murphy et al., 2000; Rabbitt, 1968).  It is possible that a 
more demanding visual path integration or spatial navigation task would reveal similar 
relationships between global motion sensitivity and spatial task performance in young 
adults.  In line with this, Wolbers and colleagues (2007) found that young adults with 
stronger activity in the vicinity of MT+ during a more demanding visual path integration 
test performed the test less accurately, which is the inverse of what we found in aged 
adults in this study.  This suggests there may be a link between radial motion sensitivity 
and visual path integration performance in young adults under more demanding 
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navigation conditions, but it implies the relationship and underlying mechanism may 
differ depending on age. 
Similar to the activity strength results, young adults performed at ceiling on the 
VPI task despite having similar variance in the OF-sensitive region functional 
connectivity patterns associated with VPI performance in aged adults.  This suggests that 
despite variability in these measures of strength of information exchange, young adults 
were able to perform the VPI task at ceiling levels.  We are unaware of published 
evidence that specifically shows that the task-related functional connectivity strength 
between our subset of OF-sensitive regions (LMT+, RMT+, LpVIP, RpVIP, and LpV6) 
and right supramarginal gyrus and posterior cingulate cortex is associated with visual 
path integration ability, or other spatial navigation abilities, in young adults.  However, 
there are a growing number of studies focusing on functional connectivity and spatial 
navigation (Arnold et al., 2014a, 2014b; Iaria et al., 2014; Izen et al., 2018; Kong et al., 
2017; Sherrill et al., 2015; Sulpizio et al., 2016; Wegman and Janzen, 2011; Woolley et 
al., 2015; Zajac et al., 2019).  These studies have largely shown that better spatial 
navigation task performance or general sense of direction is associated with stronger 
functional connectivity between brain regions during spatial navigation tasks (Arnold et 
al., 2014a; Zajac et al., 2019) and at rest (Arnold et al., 2014b; Izen et al., 2018; Kong et 
al., 2017; Sulpizio et al., 2016; Wegman and Janzen, 2011).  Together, these studies 
suggest that information exchange between brain regions is a mechanism underlying 
variability in spatial navigation processes in young adults.  Given the strong evidence 
supporting the role of MT+ and pVIP in self-motion perception and the role of the right 
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supramarginal gyrus in egocentric encoding, it is likely that task-related functional 
connectivity strength between these regions is associated with performance on different 
or more challenging spatial navigation tasks in young adults. 
 While it is possible that more demanding visual path integration or spatial 
navigation tasks might reveal similar associations between the factors we identified and 
performance in young adults, it is also possible that these factors are only associated with 
performance in aged adults.  Previous work has supported that different factors and 
mechanisms are associated with spatial navigation task performance in young and aged 
adults (Harris and Wolbers, 2012; Moffat et al., 2006a; Schuck et al., 2015; Stangl et al., 
2018b).  Moffat and colleagues (2006a) examined associations between the volume of 
specific brain regions and performance on a place-learning test in young and aged adults.  
They found that caudate nucleus volume was positively associated with performance in 
both young and aged adults but that hippocampal volume was positively associated with 
performance only in young adults, suggesting that aged adults rely less on the 
hippocampus to perform this task.  Stangl and colleagues (2018b) found that path 
integration performance was associated with stability of the grid cell system in aged 
adults but that this was not the case for the majority of young adults in their study.  
Schuck and colleagues (2015) found that hippocampal activity was important to spatial 
learning in young and aged adults, however hippocampal activity was associated with 
different environmental cues in young and aged adults.  Lastly, Harris and Wolbers 
(2012) fit a leaky integrator model to visual path integration data collected from young 
and aged adults.  This model described position and orientation according to a constant 
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gain factor (representing the sensitivity to changes in position or orientation) and a 
position-dependent leak factor (representing decay of encoded position or orientation 
information).  This model described visual path integration performance in the young 
group quite well but did not describe performance in the aged group, suggesting age-
dependent differences in the mechanisms supporting visual path integration. 
Implications: Modifiable Factors Associated with Visual Path Integration Accuracy 
in Cognitively Normal Aged Adults 
 The experiments in this dissertation provide novel evidence supporting the role of 
global motion sensitivity in visual path integration in aged adults.  They also reveal 
underlying factors that explain variability in this ability between aged individuals.  This is 
relevant to path integration, however it is also more broadly relevant to spatial navigation 
because path integration is thought to play a role in the formation of mental 
representations of environments, which are sometimes referred to as cognitive maps 
(Arnold et al., 2013; Chrastil, 2013; Kirschen et al., 2000).  Thus, one implication of this 
work is that perceptual factors may play a role in a number of age-associated weaknesses 
in spatial navigation abilities, including spatial learning and memory; this area deserves 
future study.  However, another major implication of this work is that perceptual 
sensitivity, brain activity, and functional connectivity are all directly modifiable factors.  
Modifying these factors has the potential to improve visual path integration ability in 
healthy aged adults who experience difficulty with this skill.  Spatial navigation 
processes themselves can be improved through training, however these training regimens 
can be long, quite involved, and improvement on some spatial tasks only sometimes 
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transfers to others (Claessen et al., 2016; Hotting et al., 2013; Lovden et al., 2012; Mitolo 
et al., 2017).  Though our experiments do not allow us to make claims about causation, 
the factors that we identify as being associated with visual path integration accuracy in 
aged adults could be considered more fundamental or general than visual path integration 
itself.  Given the more fundamental nature of these factors and the purported fundamental 
role of path integration in navigation and forming spatial representations, it is possible 
that modifying these factors could have a broader impact on other spatial navigation 
abilities in aged adults.  Here, we will give a brief overview of studies in which 
researchers have modified the factors that we have identified as being associated with 
visual path integration performance in this dissertation. 
 In Chapter 3, we found a relationship between global radial motion sensitivity and 
triangle completion test error in aged adults who performed the task using the optimal 
strategy.  Visual motion perception can be modified through perceptual learning.  
Perceptual learning refers to an increase in sensitivity to visual stimuli through training 
(Prettyman, 2019).  This phenomenon has been demonstrated in both young and aged 
adults on a variety of tasks, including visual motion perception tasks (Ball and Sekuler, 
1986, 1987; Bower and Andersen, 2012; Bower et al., 2013).  One early demonstration of 
this is reported in Ball and Sekuler’s (1986) work.  In this experiment, young and aged 
adults were trained to differentiate whether two arrays of high-contrast dots (sequentially 
presented) were moving in the same or different directions.  In trials in which the dots 
moved in different directions, this difference was 2, 4, 6, or 8 degrees.  Participants were 
trained on three directions (up/down, left/right, and oblique).  Over the course of 7 
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training sessions, aged participants reached a performance level equivalent to that of the 
young participants prior to training.  This perceptual improvement remained when tested 
1 month later and was relatively specific to the general directions on which individuals 
were trained.  Bower and Andersen (2012) and Bower and colleagues (2013) similarly 
showed that aged adults improved their ability to accurately differentiate leftward and 
rightward motion of sine-wave gratings and moving dots over the course of 3-6 days.  
Taken together, these studies show that perceptual learning paradigms are capable of 
improving aspects of visual motion perception in aged adults. 
Although the studies discussed above used different visual motion paradigms than 
ours and trained to improve different outcome measures, the results are encouraging.  
Presumably aged adults could show improvements on radial global motion sensitivity if 
trained with the appropriate paradigm.  In the context of the results in Chapter 3, we 
would expect increased global radial motion sensitivity to be associated with increased 
accuracy on the visual triangle completion test in the aged group that performed the test 
using the optimal strategy.  Although the aged adults in our study, as a group, did not 
show weaker radial motion sensitivity than young adults on our motion threshold test, it 
is possible that even slightly sharpened perception of global radial motion patterns might 
improve aged participants’ performance on visual path integration tests, or other path 
integration or spatial navigation tests.  Furthermore, we tested radial motion sensitivity at 
a single speed.  It is possible that age-related differences in radial motion sensitivity 
might emerge at slower speeds (Snowden and Kavanagh, 2006), in which case, 
perceptual training at slower speeds might have a more significant impact on radial 
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motion sensitivity at those speeds and visual path integration accuracy.  To investigate 
this possibility, additional study on whether perceptual learning can improve aspects of 
motion perception most closely related to that experienced during navigation in aged 
adults is necessary. 
 In Chapters 4 and 5, we found relationships between brain activity, task-related 
functional connectivity, and visual path integration accuracy in aged adults.  Performance 
on spatial navigation tasks, brain activity, and functional connectivity have all been 
shown to be modifiable through non-invasive brain stimulation.  Recently, this work has 
focused on transcranial direct current stimulation (tDCS), a technique in which low 
amplitude electrical current is used to enhance or dampen neural activity (Brunye, 2018).  
Only a few studies have investigated the effects of tDCS on spatial navigation task 
performance and with mixed results.  In one study, Brunye and colleagues (2014) found 
significant improvement in spatial navigation efficiency and cognitive map formation in 
males with weak self-reported spatial navigation ability who received right temporal lobe 
stimulation while navigating a virtual environment.  However, two other recent studies 
failed to show an effect of tDCS on spatial navigation test performance (Brunye et al., 
2018; Ferrucci et al., 2019).  Two additional studies examined the effect of tDCS on brain 
activity and task-related functional connectivity during a spatial navigation task 
(Hampstead et al., 2014) and functional connectivity at rest (Krishnamurthy et al., 2015) 
in young adults.  In both studies, participants received one of two tDCS protocols – one 
stimulated the medial parietal lobe and the other stimulated the frontal lobe.  In 
Hampstead and colleagues’ (2014) study, no performance effects of either stimulation 
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protocol were evident, but brain activity and task-related functional connectivity effects 
specific to each tDCS protocol were found.  Using the same tDCS protocol, 
Krishnamurthy and colleagues (2015) found stronger resting-state functional connectivity 
between the stimulated medial parietal region and regions in the default mode network (a 
network shown to be associated with spatial navigation (Spreng et al., 2008)) in those 
who received parietal lobe stimulation relative to those who received frontal stimulation.  
No spatial navigation tasks or measures were reported as part of this study, so it is 
unknown whether these changes in resting functional connectivity affected environmental 
spatial behavior in these individuals.  Despite the lack of performance effect in 
Hampstead et al. (2014) and the lack of performance measures in Krishnamurthy et al. 
(2015), these studies are important because they demonstrate that tDCS performed in the 
absence of any task shows measurable effects on (1) brain activity and task-related 
functional connectivity during environmental spatial tasks and (2) functional connectivity 
strength within specific brain networks at rest. 
TDCS (and noninvasive brain stimulation more generally) has been shown to be 
effective in aged adults (Hsu et al., 2015; Tatti et al., 2016), but this has not yet been 
explored in the realm of spatial navigation.  Targeting OF-sensitive regions while 
participants perform our VPI task might enhance the sensitivity of these regions to radial 
optic flow and thereby affect visual path integration accuracy.  This could simultaneously 
affect the task-related functional connectivity patterns of these regions, as well.  The OF-
sensitive regions whose activity strength and task-related functional connectivity patterns 
during the VPI task showed a relationship with visual path integration performance are 
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all relatively superficial regions, making it feasible to use tDCS to alter their activity and 
task-related functional connectivity patterns with a single tDCS protocol (Hampstead et 
al., 2014).  Future work exploring whether VPI performance is strengthened or facilitated 
by strengthening activity in and specific task-related functional connectivity patterns of 
these regions in aged adults with weak VPI performance and/or weak spatial navigation 
ability will be informative.  This is a necessary first step toward potential future 
interventions in which non-invasive brain stimulation could be used to strengthen specific 
spatial navigation abilities in aged adults who have difficulty navigating space on foot or 
by car.  Such interventions would be ideal for those whose difficulty with navigation has 
affected their level of interaction with their environment or their independence.  Our 
exact task and set of OF-sensitive regions may not be optimal to achieve this ambitious 
goal, but they provide a set of targets to test whether such interventions might be feasible. 
Future Work 
 In addition to the work associated with the possibilities noted in the previous 
section, there are several avenues of future work that extend the results presented in this 
dissertation.  One avenue is to examine whether similar OF-sensitive region activity and 
task-related functional connectivity patterns are associated with visual path integration 
performance in young adults.  The ceiling-level performance on our VPI task prevented 
us from examining this within our young participants and would likely prevent this in 
other samples of young adults due to the ease with which they perform the task.  
However, it would be relatively straightforward to build a more complex version of the 
VPI task used in these experiments.  Some simple ways to do this would be to use paths 
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that do not contain 90° angle turns, use curved paths rather than paths built from straight 
segments, increase the number of turns in each path, increase the duration of each path, 
and/or increase the required resolution of participants’ responses (8 or more response 
choices versus 4).  As discussed, it will be important to gain a better understanding of 
whether the same factors we identify as being associated with visual path integration in 
aged adults are relevant to young adults under certain conditions.  This will advance our 
knowledge of whether the neural mechanisms that explain variability in this skill in aged 
adults are the result of nonspecific effects of task difficulty or the result of unique effects 
of age on the brain. 
Two other populations that are relevant to this work are aged individuals with 
MCI and individuals with AD.  Visual motion perception has been shown to be 
associated with the decline in spatial navigation ability in AD (Kavcic et al., 2006; 
O’Brien et al., 2001; Tetewsky and Duffy, 1999), but this has not been systematically 
investigated in a population with MCI, has not been investigated with fMRI in MCI, and 
only one study has broadly investigated this with fMRI in AD (Thiyagesh et al., 2009).  
Spatial navigation has recently received attention as a domain that could be particularly 
useful in identifying individuals with preclinical AD (i.e. individuals who do not show 
clinical symptoms of AD but whose brains show neuropathological features associated 
with AD) (Coughlan et al., 2018).  In light of this and the work that has specifically 
implicated visual motion perception in AD-associated decline in spatial navigation 
ability, gaining a stronger understanding of the patterns of activity in and functional 
connectivity patterns of OF-sensitive brain regions during visual path integration (which 
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highlights the use of global motion patterns) as well as different types of environmental 
spatial tasks is important.  The VPI and TC tasks as they currently exist can be used to 
study this in individuals with MCI and AD; they are an appropriate level of difficulty 
such that a wide range of scores is likely for individuals with MCI.  This is ideal for 
analyses focused on the relationship between regional activity patterns, functional 
connectivity patterns, and task performance.  On the other hand, it is possible that several 
individuals with AD might not be able to perform these tasks accurately.  Nevertheless, 
this experiment would provide valuable information on the functional connectivity 
patterns of OF-sensitive regions during an environmental spatial task in individuals with 
AD, which are currently unknown.  Mapping these task-related functional connectivity 
patterns in individuals with MCI and AD might reveal different targets for noninvasive 
brain stimulation interventions than those identified in cognitively normal aged adults.  
This would provide an opportunity to test such an intervention in individuals with MCI, 
which has the potential to delay the severe decline in spatial navigation ability that is 
highly likely to occur in these individuals if they transition to AD. 
Another avenue for future work is to perform these experiments using OF-
sensitive regions of interest defined at the individual level.  In the experiments in this 
dissertation, we showed each participant two runs of a dot-field paradigm consisting of 
alternating blocks of radial coherent and scrambled dot motion; the paradigm was 
presented to both visual hemifields.  We then defined our set of OF-sensitive regions at 
the group level using data from all participants who viewed the dot-field task (50/51).  
The analyses in this dissertation highlighted a few regions that are likely important to 
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these tasks: LMT+, RMT+, LpVIP, and RpVIP.  Reliably defining this set of regions at 
the individual level would involve additional paradigms beyond the dot-field task that we 
used in the present study.  Furthermore, MT+ is comprised of two regions – MT and 
MST – and MST is thought to be more relevant to self-motion perception than MT.  
Thus, separating these regions would be helpful in future experiments.  Defining these 
regions at the individual level would be beneficial in future work because doing so would 
likely show stronger relationships between activity, functional connectivity, global radial 
motion sensitivity, and task performance.  When functional regions of interest are defined 
at the group level, there is inevitably imperfect overlap between these regions of interest 
and the boundaries of these regions in each participant.  When regions are defined at the 
individual level, inter-individual differences in functional anatomy present less of a 
problem.  This is especially relevant in the context of comparisons between groups when 
disease affects neuroanatomy in one group.  Individuals with AD tend to have significant 
brain atrophy that affects neuroanatomy and thus, functional neuroanatomy.  Similarly, 
some individuals with MCI have significant atrophy, as well.  For this reason, fMRI 
experiments focused on regions of interest that are functionally defined at the individual 
level are beneficial because they minimize the effect of differences in neuroanatomy 
within and between populations, and thus reduce false negatives.  This is important to the 
study of these regions in cognitively normal and cognitively impaired aged populations. 
Conclusion 
The factors and mechanisms that underlie our ability to successfully navigate 
within familiar and new environments are diverse because spatial navigation is composed 
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of a number of skills and component processes.  Understanding these factors and 
mechanisms is an area of research rich with opportunity due to the number of perceptual 
and cognitive processes thought to be involved in navigating space and the different 
strategies individuals use to do so.  One understudied factor thought to be associated with 
age-related weaknesses in spatial navigation abilities is visual motion perception.  Using 
two visual path integration tests, we demonstrated novel relationships between visual 
path integration accuracy and global radial motion perception, activity in OF-sensitive 
cortical areas, and functional connectivity strength between OF-sensitive cortical areas 
and regions in the medial and right lateral parietal lobe in cognitively normal aged adults.  
This work both expands our knowledge of the factors associated with and potential 
mechanisms underlying spatial navigation abilities in the aged human brain and 
motivates and provides a foundation for deeper study into the role sensory and perceptual 
factors play in navigation and other cognitive functions both in young and aged adults.  
Our findings also suggest that perceptual factors could play a role in the well-documented 
and more extensively studied age-related weaknesses in spatial learning and memory.  If 
this is the case, this would shift our understanding of the mechanism by which these age-
related weaknesses occur from one that is primarily driven by age-related decline in 
memory systems to one that involves age-related changes in the interaction between 
perceptual systems and memory systems. 
Perhaps most importantly, our work identifies factors that can be modified in aged 
adults that, if modified, have the potential to improve or preserve aspects of spatial 
navigation abilities with advancing age and in the presence of Alzheimer’s disease.  In 
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turn, this would prolong the independence and enrich the day-to-day lives of aged adults 
who are uncomfortable or experience difficulty while exploring new or familiar 
environments.  This could have a positive impact on the global cognition of these 
individuals, as well.  Strengthening the systems that support spatial navigation in the aged 
population also has the potential to increase brain and/or cognitive reserve, which could 
delay the onset of objective cognitive decline in the context of Alzheimer's disease 
pathology in some individuals.  Together, the work in this dissertation and future work on 
the relationship between aspects of perception and spatial navigation abilities in aged 
adults might inform the design of tools or interventions that can facilitate the interactions 
between aged adults and their environment.  Future work should be guided by this goal, 




APPENDIX ONE: ACTIVITY IN OPTIC FLOW-SENSITIVE REGIONS 
DURING VISUAL PATH INTEGRATION, TURN COUNTING, AND STILL 
COUNTING TASKS 
We measured the activity level in our OF-sensitive regions during the VPI task 
(Figure 2.2), TC task (Figure 2.2), and an SC task (Figure A.1) in a group of 10 young 
participants – one of whom was part of the main sample of 51 young and aged 
participants whose data were used throughout this dissertation.  Each VPI, TC, and SC 
task run contained 8 trials of each task, just as in the main experiment, totaling 16 trials 
each of VPI, TC, and SC.  VPI runs were always shown first, and TC and SC runs were 
shown second and third and their order was counterbalanced across participants.  
Participants completed practice trials of all three tasks before entering the scanner.  Inside 
the scanner, they were shown additional practice trials of each task just before performing 
the two runs of that task in order to remind them of the goal of the task they were about to 
perform.  The VPI and TC runs were identical to those shown to the sample of 51 
participants. 
In the SC task, participants were shown blocks of serially presented still images 
from paths in the same neighborhoods shown in the VPI and TC task, and they were 
asked to count the number of images presented in the series (Figure A.1).  Still blocks 
were interspersed with rest blocks showing a white fixation cross on a black screen, just 
as in the VPI and TC tasks.  Stills appeared consecutively within a block (i.e. one after 
another with no intervening stimulus); each still was shown for 0.5 to 2 seconds and 
block duration ranged from 25-31 seconds, which was similar to the duration of VPI and 
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TC blocks (30-34 seconds).  Consecutively presented stills in the SC task were chosen to 
ensure that the series of presented stills did not create the perception of self-motion or a 
continuous path within task blocks.  At the end of each block of stills, a number was 
presented in white font on a black screen and participants were asked to respond “yes” if 
the number of stills matched the number of stills they counted in the block using their 
MR-compatible device.  Otherwise, they were asked to respond “no”.  The VPI and TC 
tasks both contained visual motion compatible with self-motion through an environment.  
The SC task contained still images of paths in the neighborhoods in which the VPI and 
TC tasks were filmed, but the still images did not form a path.  Thus the SC task did not 
contain any visual motion or the perception or inference of visual self-motion. 
 We measured the average activity within each OF-sensitive region, LAud, RAud, 
LV1, and RV1 in each participant during the VPI, TC, and SC tasks using the same 
image processing steps described in Chapter 4 with the exception of single session ICA 
data cleaning.  Fixed-effects analyses were used for within-subject higher-level analyses 
to create maps representing where brain activity was increased relative to baseline during 
VPI, TC, and SC within each participant.  The average parameter estimate within each 
OF-sensitive region was extracted and used as a measure of the change in brain activity 
during VPI, TC, or SC relative to baseline within each region in each participant.  Paired 
one-tailed t-tests were used to compare the activity within each OF-sensitive region 
during VPI relative to SC (VPI>SC) and during TC relative to SC (TC>SC).  We 
predicted that activity would be significantly greater in OF-sensitive regions during VPI 
and TC relative to SC because the VPI and TC tasks contained coherent motion 
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compatible with egomotion and the SC task did not contain motion at all.  Paired two-
tailed t-tests were used to compare the activity within LAud, RAud, LV1, and RV1 
during VPI relative to SC and during TC relative to SC.  We predicted no difference in 
primary auditory cortex or primary visual cortex activity between these conditions. 
Figure A.2 shows the average activity strength within the 11 OF-sensitive regions 
during the VPI, TC, and SC tasks measured in the sample of 10 young participants.  
Activity in all OF-sensitive regions except for LMT+ and RMT+ was significantly 
stronger during VPI relative to SC (LCSv: t(9)=-5.46, p=0.0002; LMT+: t(9)=-0.426, 
p=0.34; LPIVC: t(9)=-3.86, p=0.0019; LpV6: t(9)=-3.53, p=0.0032; LpVIP: t(9)=-3.68, 
p=0.0026; RCSv: t(9)=-6.76, p<0.0001; RMT+: t(9)=-1.35, p=0.106; RPc: t(9)=-7.38, 
p<0.0001; RPIVC: t(9)=-4.04, p=0.0015; RpV6: t(9)=-7.11; p<0.0001; RpVIP: t(9)=-
4.97, p=0.0004).  Activity in all 11 OF-sensitive regions was significantly stronger during 
TC relative to SC (LCSv: t(9)=-4.97, p=0.0004; LMT+: t(9)=-3.28, p=0.0047; LPIVC: 
t(9)=-3.53, p=0.0032; LpV6: t(9)=-4.69, p=0.0006; LpVIP: t(9)=-4.57, p=0.0007; RCSv: 
t(9)=-5.01, p=0.0004; RMT+: t(9)=-2.07, p=0.0339; RPc: t(9)=-4.66, p=0.0006; RPIVC: 
t(9)=-4.21, p=0.0011; RpV6: t(9)=-7.01; p<0.0001; RpVIP: t(9)=-4.75, p=0.0005).  
Taken together, this suggests that all the OF-sensitive regions respond to the motion 
present in the VPI and TC tasks, although the presence of navigational demands appeared 
to dampen the activity in LMT+ and RMT+ in this sample of 10 young adults.  Figure 
A.3 shows the average activity strength within LAud, RAud, LV1, and RV1 during the 
three tasks.  There were no significant differences between activity in LAud or RAud 
during VPI or TC relative to SC, and the average activity in each region was below zero 
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during each task except for the activity in LAud during TC.  In contrast, activity within 
LV1 and RV1 were significantly weaker during VPI and TC relative to SC (LV1, VPI vs. 
SC: t(9)=3.26, p=0.0099; RV1, VPI vs. SC: t(9)=6.66, p<0.0001; LV1, TC vs. SC: 
t(9)=3.02, p=0.0146; RV1, TC vs. SC: t(9)=6.18, p=0.0002), although the average 
activity was greater than zero in both regions for all three tasks, as expected.  This aligns 
with the response of primary visual cortex to all visual stimuli, with or without motion, 




Figure A.1: Example of a Still Counting Trial.  Schematic showing the structure of an 
SC trial (see Figure 2.2, A for comparison to VPI and TC trials).  In each trial, or task 
block, participants viewed a series of still images taken from videos similar to those in 
the VPI and TC tasks, which were filmed in the same neighborhood on the same day.  
Each image appeared for 0.5 to 2 seconds and there were approximately 10 to 20 stills in 
each block.  Care was taken to ensure that stills did not form the perception of self-
motion on a path.  At the end of the block of still images, a number appeared and 
participants were required to determine whether this number matched the number of stills 
they counted in the previous block or not.  No motion, self-motion, or perception of self-
motion was present in in the SC task, which lies in contrast to the self-motion present in 




















































Figure A.2: Activity within OF-Sensitive Regions during VPI, TC, and SC Tasks.  
Average activity within OF-sensitive regions in 10 young participants during the VPI and 
TC tasks, which contained radial global motion consistent with self-motion, relative to 
the SC task, which did not contain any motion.  During the VPI task, activity within all 
OF-sensitive regions except for LMT+ and RMT+ was significantly greater than activity 
during the SC task.  During the TC task, activity within all 11 OF-sensitive regions was 








Figure A.3: Activity within Control Regions during the VPI, TC, and SC Tasks.  
(left) Average activity within the LAud and RAud ROIs during VPI, TC, and SC in 10 
young participants.  Activity in these regions during the VPI or TC tasks was not 
significantly greater than activity during the SC task, as we expected for regions that 
should not show differential activity associated with the presence or absence of visual 
motion. (right) Average activity within LV1 and RV1 ROIs during VPI, TC, and SC in 
the same participants.  Activity was significantly weaker in LV1 and RV1 during VPI 
and TC, which contained radial global motion, relative to SC, which did not contain any 
visual motion. * p < 0.05, ** p < 0.001 
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APPENDIX TWO:  DIFFERENTIAL TASK-RELATED FUNCTIONAL 
CONNECTIVITY PATTERNS OF OPTIC-FLOW SENSITIVE REGIONS 
DURING VISUAL PATH INTEGRATION VERSUS TURN COUNTING 
  In order to focus our analyses on optic flow-sensitive (OF-sensitive) regions 
whose FC strength with other brain regions is sensitive to the presence of navigational 
demands, we performed the following analyses.  All methods are described in Chapter 5.  
Five out of our 11 OF-sensitive regions showed differential functional connectivity 
strength during VPI relative to TC and vice versa: LMT+, RMT+, LpV6, LpVIP, and 
RpVIP.  Summary maps were created to display these results (see Chapter 5 for a 




Figure A.4: Summary Map Showing Functional Connectivity Patterns of LMT+, 
RMT+, LpV6, LpVIP, and RpVIP that were Stronger during VPI relative to TC.  
All 5 OF-sensitive regions showed functional connectivity patterns that were stronger 
during VPI relative to TC.  Because the differential connectivity patterns of each region 
showed similarities, summary maps were created from the individual maps showing 
where functional connectivity strength with each OF-sensitive region was significantly 
stronger during VPI relative to TC.  The colored areas on the map represent the number 
of OF-sensitive regions whose functional connectivity strength with that region was 



































Figure A.5:  Summary Map Showing Functional Connectivity Patterns of LMT+, 
RMT+, LpV6, LpVIP, and RpVIP that were Stronger during TC relative to VPI.  
All 5 OF-sensitive regions showed functional connectivity patterns that were stronger 
during TC relative to VPI.  Because the differential connectivity patterns of each region 
showed similarities, summary maps were created from the individual maps showing 
where functional connectivity strength with each OF-sensitive region was significantly 
stronger during TC relative to VPI.  The colored areas on the map represent the number 
of OF-sensitive regions whose functional connectivity strength with that region was 
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